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Introduction: Cranial and upper-airway anatomy of short-nosed, flat-faced

brachycephalic dogs predisposes them to brachycephalic obstructive airway

syndrome (BOAS). Periodic apnoea increased inspiratory resistance, and

an inability to thermoregulate e�ectively are characteristic of BOAS, but

internationally accepted objective markers of BOAS severity are missing. The

objective of this study was to compare the selected blood parameters between

non-brachycephalic (NC) and brachycephalic (BC) dogs, exploring the possibility

of developing a blood test for BOAS severity grading in the future.

Methods: We evaluated blood biochemistry, complete blood cell counts, red

blood cell (RBC) indices, reticulocyte counts, a blood-born marker of intermittent

hypoxia (glutathione, NO production), RBC hydration, deformability, and blood

markers of metabolic changes and stress between BC (n = 18) and NC (meso-

and dolichocephalic, n = 22) dogs.

Results: Reticulocyte counts and the abundance of middle-fluorescence

immature reticulocytes were significantly (p < 0.05) higher in BC dogs compared

to NC dogs. BC dogs had significantly more NO-derived NO−
2
/NO−

3
in plasma

than NC dogs. RBCs of BC dogs were shedding significantly more membrane,

as follows from the intensity of eosin maleimide staining, and had a significantly

higher mean corpuscular hemoglobin concentration than NC dogs. Intracellular

reduced glutathione content in RBCs of BC dogs was significantly lower, while

plasma lactate was significantly higher in BC dogs compared to NC dogs. Plasma

cholesterol and triglycerides were significantly lower, and cortisol was significantly

higher in BC dogs compared to NC dogs. Eosinophil counts were significantly

lower and the neutrophil-to-lymphocyte ratio was higher in BC dogs compared

to NC dogs.

Discussion: Taken together, our findings suggest that the brachycephalic

phenotype in dogs is associated with alterations at the level of blood cells and,

systemically, with oxidation and metabolic changes. The parameters identified

within this study should be further investigated for their potential as objective

indicators for BOAS.
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1. Introduction

For decades, short-nosed and flat-faced brachycephalic dog

breeds have been in the top ten lists of the most popular

breeds worldwide (1–3). Their neotenous appearance fitting the

“baby scheme” with large eyes, bulging craniums, and retreating

chins (4) as well as broadly advertised “low-maintenance” lifestyle

with no need for long walks or physical activity (5) supported

their popularity as a supposedly suitable companion dog in the

city. Breeding for exaggerated foreshortening and/or flattening of

the facial skeleton, the screw-like tail, and the stunted growth

resulted in a variety of congenital functional or anatomical

anomalies in various organ systems. The reduced health status

of brachycephalic dogs compared to normocephalic dogs is well

documented (6, 7). Numerous clinical signs are associated with

the brachycephalic obstructive airway syndrome (BOAS) caused

by the breed-phenotype specific anatomical changes of the upper

airway (8–12).

Extreme phenotypes are presented with stenotic nares,

excessive and aberrant nasopharyngeal conchae, a thickened

and elongated soft palate, nasopharyngeal mucosal and tonsillar

hypertrophy, a relative macroglossia, and a hypoplasia of the

trachea, reducing air volume of the upper airways (11–13).

Inspiratory resistance, already high at rest in brachycephalic dogs,

grows further under certain circumstances (exercise or higher

ambient temperature), increasing the risk of tracheal collapse

(12). Higher negative intraluminal pressure is associated with

inflammation, mucosal oedema, which may lead to tonsillar

eversion, and everted laryngeal ventricles which could result in

laryngeal or bronchial collapse (14). Furthermore, the chronic

high negative intrathoracic pressure developed to overcome the

high upper airway resistance is suggested to be the cause of

gastrointestinal disease (15, 16). As thermoregulation in dogs

depends largely on respiratory evaporative cooling within the upper

respiratory tract, brachycephaly impacts not only the breathing

pattern but also thermoregulation (17). Brachycephalic dogs die on

average 3 years earlier than normocephalic or mesocephalic dogs of

the same size, which is likely to be linked to the symptoms arising

from BOAS (18, 19).

Correct assessment of severity of BOAS condition is a

prerequisite to the targeted selective breeding for healthier

phenotype in brachycephalic breeds. However, clear international

guidelines are currently lacking for the BOAS severity grading.

The parameters that are used by veterinarians include anatomical

examination [cranial indices, computed tomography, and

rhinoscopy (20–23)], respiratory performance [full-body

barometric plethysmography (24–28)], physical performance

[trotting test (28, 29)], and assessment of blood oxygenation

[pulse oximetry and blood CO-oximetry (9, 30)]. Some of these

procedures require skilled personnel, while others need expensive

and unconventional equipment. Blood oxygenation is a volatile

parameter that stays within a normal range when dogs are not

exercising and/or overheated (14, 22, 29–32).

However, other more stable blood parameters may better reflect

the intermittent hypoxic state (9, 22, 33) that is experienced

by brachycephalic dogs (34). Those include the NO derivatives

(nitrite and nitrate), pro-oxidative markers and pro-inflammatory

cytokines, metabolic markers, and stress markers, including those

of cardiac overload (35–39). Brachycephalic breeds show higher

propensity to hypercoagulation (40). Together, these findings

suggest that blood parameters could contribute to the identification

of dogs affected by BOAS. Up to now the impact of brachycephalic

phenotype on red blood cell (RBC) morphological heterogeneity,

deformability and hydration state, redox state, and glycolytic

activity, as well as on RBC turnover, has not been investigated.

The aim of this study was to answer the phase I research

question “Do blood test results in brachycephalic dogs differ from

those in non-brachycephalic ones?” in the context of diagnostic

accuracy studies (41). Our list of the selected parameters of interest

included the common red blood cell indices, complete blood cell

count, and clinical blood biochemistry, as well as the parameters

that were shown to be affected in blood of human patients with

obstructive sleep apnea (OSA). They include plasmaNOderivatives

(42) and oxidative stress markers such as non-protein and total

reduced thiols and methemoglobin (43). As the potential screening

parameters should not be affected by blood sample transportation

from the site of withdrawal (e.g., dog show) to the lab, we also

investigated the tentative impact of shipment on some of the most

informative parameters. The outlook of the present study and our

long-standing goal is the establishment of a set of suitable screening

parameters that objectively and reliably identify dogs suffering from

BOAS and may be used alongside currently existing tests for BOAS

grading (cranial anatomy, trotting test, and plethysmography).

2. Materials and methods

2.1. Study cohorts of non-brachycephalic
and brachycephalic dogs

The Veterinary Department of the Canton of Zurich has

approved the study protocol (ZH161/19) and the study was

conducted according to Swiss law. In the prospective, blinded

study 42 privately owned dogs were enrolled. Two dogs were

subsequently excluded (see Section 3.1); thus, a total of 40 dogs

were included in the study. Owners of the dogs were contacted

personally. Prior to inclusion, all owners signed an informed

consent form. Inclusion criteria for the dogs were: (i) at least 12

weeks of age; (ii) a body weight of at least 5 kg; (iii) not treated

with glucocorticoids, non-steroidal drugs, or other medicaments

that could affect the breathing for at least 2 months prior to the

enrollment date; and (iv) clinically healthy according to owner’s

perception, except for clinical signs associated with BOAS. While

assigning the dogs into the brachycephalic group, we relied on

the breed-specific brachycephalic phenotype (7). Two pug mixed-

breed dogs were additionally tested for cranial indices using

several morphometric approaches [(10, 22, 44, 45), for details see

Supplementary data] and assigned to the brachycephalic group.

Veterinarians from the Clinic of Reproductive Medicine at the

University Animal Hospital collected the necessary information

on the enrolling dogs as well as 6ml venous blood from vena

jugularis or vena cephalica. Lithium-heparin and K2-EDTA were

used as anticoagulants. The blood samples were numbered and

anonymized before being transferred to the lab. Blood parameters
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for the freshly drawn samples were obtained for all 40 dogs. The

first exploratory phase of the study employing 20 dogs (dogs #1–

20 in Supplementary Table S1) revealed several experimental blood

parameters that differed significantly between the brachycephalic

(BC) dogs and non-brachycephalic control (NC) dogs. These

parameters were tested for the possible changes related to 6 or 24 h

of simulated shipment in a second phase involving 20 additional

dogs (dogs # 21–26, 28–39, 41, 42 in Supplementary Table S1).

2.2. Blood biochemistry and hematology
analyses

Blood samples were analyzed within hours after collection.

Clinical blood biochemistry in heparinized blood samples and

hematological analyses in the samples anticoagulated with K2-

EDTA were performed using a Cobas R© 6000 501 analyzer (Roche

Diagnostics AG, Rotkreuz, Switzerland) and a Sysmex XN-1000V

(Sysmex Suisse AG, Horgen, Switzerland), respectively. Plasma

cortisol concentration was measured using an Immulite 2000

(Siemens Schweiz AG, Zurich, Switzerland). C-reactive protein

(CRP) concentration in plasma of heparinized blood samples

was determined using a canine-specific immunoturbidimetric

assay (Randox cCRP; Randox Laboratories Ltd., Crumlin,

UK) (46). The hematological parameters measured included

complete blood cell count (CBC), reticulocyte count and

maturity (low, middle, and high fluorescence), reticulocyte

hemoglobin, and thrombocrit. Blood biochemistry was

performed using heparin anticoagulated blood. Total protein,

albumin, bilirubin, glucose, urea, creatinine, cholesterol,

triglycerides, alkaline phosphatase, alanine aminotransferase,

creatine kinase, lipase, lactate dehydrogenase, Na+, K+,

Cl−, total Ca2+, and phosphate were assessed in plasma.

Heparinized blood was centrifuged at 1862 × g for 5min;

plasma was subsequently collected, and one aliquot was

directly analyzed. In addition, ionized Ca2+ was measured

using ABL800 Flex blood analyzer (Radiometer RSCH GmbH,

Thalwil, Switzerland).

2.3. CO-oximetry

The K2-EDTA blood samples were used for this assay within

20min after withdrawal. Total hemoglobin blood content (Hb),

as well as percentage of met-hemoglobin, oxy-hemoglobin, and

carboxy-hemoglobin, were monitored using Avoximeter 4000

(Instrumentation Laboratory GmbH, Bedford, MA). Due to high

reproducibility (data not shown), a single measurement per sample

was performed for this assay.

2.4. Ektacytometry

RBC rheology was assessed within 2 h after blood collection

using the osmoscan mode of Laser Optical Rotational Red Cell

Analyzer (Lorrca MaxSis, RRMechatronics) (47, 48). Two hundred

microliters of K2-EDTA-anticoagulated whole blood were mixed

with 5ml of isotonic PVP solution and the elongation of RBCs

under conditions of 30 Pa shear stress at 37◦C was assessed

as a function of extracellular osmolarities in 0–500 mOsm/kg

range. The osmoscan curves were obtained and the following

parameters calculated from these curves: elongation index (EI) at

optimal osmolality (EImax), osmolality of the hypotonic solution

at which 50% of cells lyse while exposed to shear (O_min),

and the osmolality at which EI is reduced to a half of EImax

under hypertonic conditions (O_hyper). Elongation index at the

osmolarity O_min and that at the O_hyper osmolarity (EI_Omin

and EI_Ohyper) were also detected along with the area under the

osmoscan curve (Area). More information on the method and the

parameters may be found elsewhere (48, 49).

2.5. Detection of membrane loss and
intracellular reduced thiols in canine RBCs
by flow cytometry

Eosine 5’-maleimide (EMA) was used to assess the abundance

of anion exchanger AE1 in the membranes of RBCs in heparinized

whole blood samples. This is a common test to assess membrane

surface area and premature membrane loss in human patients

with hereditary spherocytosis and other hereditary hemolytic

anemias (50). A triple-set of samples was prepared as follows.

Two microliters of heparinized blood were suspended in 1ml

of canine plasma-like medium (CPLM) containing, in mM, 165

NaCl, 4.6 KCl, 0.15 MgCl2, and 10 glucose 20 HEPES–Tris-OH,

pH 7.40 at room temperature supplemented with 0.1 % Bovine

serum albumin. Stock solution of EMA (Merck) was prepared

by dissolving 10mg of EMA in 40 µL of dimethyl sulfoxide

(DMSO) and stored at −20◦C for up to a month. A 50x solution

was prepared fresh before the experiment by dissolving 2 µL of

stock solution in 1mL of CPLM. Fifty microliters of this 50x

solution were added to 950 µL of CPLM, and 2 µL of blood were

then added to the final 1ml of the 1x EMA solution. The cells

were allowed to bind to EMA for 1 h in the darkness at room

temperature. Thereafter, the cells were spun for 30 seconds at 2500

× g, room temperature (Eppendorf centrifuge), the extracellular

EMA was aspirated, and the cells were washed twice with CPLM

and resuspended in it to the volume of 1ml. Fluorescence of EMA

was then estimated by flow cytometry (Gallios, Beckman Coulter)

at 633 nm excitation – 660/20 nm emission wavelengths.

Total reduced thiol content of RBCs was detected in

heparinized blood using monobromobimane (MBBr) as a label

(51). Stock solution of 20mMMBBr (ThermoFisher) was prepared

on DMSO, stored at −20◦C, and used at a final concentration of

10µM. An aliquot of whole blood (1–2 µL) was incubated with the

fluorescent probe for 1 h in the dark and the fluorescence intensity

was detected by flow cytometry at 405 nm excitation – 420/50 nm

emission wavelengths.

For both EMA and MBBr, fluorescent signal was recorded for

100 000 cells in each sample of triplicates, at medium flow rate.

Fluorescence intensity forward and side scatter as well as their

variance was estimated and used as an indirect marker of shape and

its heterogeneity. Kaluza software (Beckman Coulter) was used for

the analysis.
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2.6. Intracellular GSH and GSSG
measurements

Non-protein thiols, of which more than 90% were reduced

glutathione (GSH) with the rest being largely Cysteine (52), were

measured using Ellman’s reagent as described earlier (53, 54). A

300 µl aliquot of EDTA-preserved canine whole blood was mixed

with 1.2ml of 5% (w/w) solution of trichloroacetic acid and left to

react for 30min on ice. Denatured hemoglobin and other proteins

were precipitated by centrifugation at 10 000 × g for 10min at

4◦C. Supernatant was neutralized to pH 7–8 using concentrated

Tris(hydroxymethyl)aminomethane solution.

Four aliquots of 100 µl of neutralized supernatant were mixed

each with 900 µl of EDTA/Phosphate buffer containing 100mM

NaH2PO4 and 10mM Na2-EDTA at pH 7.5. Baseline detection of

absorbance at a wavelength of 412 nm was detected using Lambda

25 spectrophotometer (Perkin Elmer). Stock solution of 10mM

5,5′-Dithio-bis-(2-nitrobenzoic acid) (DTNB, Ellman’s reagent)

was prepared on EDTA/Phosphate buffer. After this, 10 µl of this

stock solution was added to the supernatant samples and allowed

to react for 3min at room temperature. Thereafter, absorbance at

412 nm was measured and baseline values subtracted.

A second set of supernatant samples was used for GSSG

detection. In these samples GSSG was reduced to GSH. Reduction

was catalyzed by glutathione reductase and NADPH served as a

donor of electrons. Stock solutions in EDTA/Phosphate-buffer were

prepared for type II crude glutathione reductase from wheat germ

(Sigma, 0.05 U/mg, Lot 33H7009, 10 mg/ml) and for NADPH-Na

salt (Sigma, 3.33 mg/ml). Thereafter, 100 µl of supernatant sample

was mixed with 880 µl EDTA/Phosphate buffer and supplemented

with 10 µl glutathione reductase and incubated for 12–15min.

Then 10 µl of NADPH stock solution was added and incubation

was continued for a further 20min. Thereafter, baseline absorption

was assessed at 412 nm (Lambda 25 spectrophotometer, Perkin

Elmer) and 10 µl of DTNB was added to assess the non-protein

thiols as described above for GSH detection.

2.7. Detection of NO−

2 and NO−

3 in plasma

Chemiluminescence detection of NO was used for assessment

of RNO (NO2- +NO3-) in canine plasma form heparinized blood

samples (55). Plasma was collected after 4min of centrifugation

at 4000 × g, 4◦C. Plasma color was visually controlled for free

hemoglobin. When free hemoglobin was visible, the sample was

discarded, as free hemoglobin may reduce NO2- to NO and result

in underestimation of RNO levels. In order to detect plasma nitrate

(NO−
3 ) concentration using chemiluminescence method, nitrate

was converted to nitrite (NO−
2 ) using cadmium-copper-based

reduction assay and then the concentration of NO−
2 was estimated

as follows. A 50 µl bolus of the sample containing 1.65 g KI and

0.57 g I2 was injected into the acidic triiodide (I3) reagent (also

known as Brown’s solution), pre-heated to 65◦C , and dissolved

in a mixture of 15ml ddH2O, and 200ml glacial CH3COOH.

Upon reduction of NO−
2 to NO in the reaction chamber, which

was purged by the gas NO, the sample was delivered to the CLD-

88 analyzer (ECO MEDICS, Durnten, Switzerland). Interaction

NO with O3 resulted in light emission that was sensed by the

chemiluminescence detectors. The resulting signal was processed

using PowerChrom 280 system (eDAQ Pty; Spechbach, Germany)

and analyzed using eDAQ Chart v. 5.2.9 software.

2.8. Shipment simulation study

Blood samples from 20 dogs (#21–#42,

Supplementary Table S1) were stored shaken on an orbital

shaker RS-LS 10 (Phoenix Instruments, Garbsen, Germany) at

200 rotations per min and analyzed within the first 30min after

collection (To), and then 6 h and 24 h after the simulated shipment.

The parameters that were tested for their stability in time included

plasma lactate (detected with Lactate Pro, Axon Lab AG, Baden,)

glucose (Glucose monitor Contur XT, Ascensia Diabetes Care

Holdings AG), EMA staining, and intraerythrocytic GSH content.

2.9. Statistics

Statistical analysis was performed using the R software (56).

Shapiro-Wilk test was used to check whether the data were

normally distributed. Subsequently, a parametric (student’s t-test)

or non-parametric test (Wilcoxon test) was used to compare the

two experimental groups. Differences were found to be statistically

significant when p < 0.05. Parameters, for which this condition

applied, were addressed to as “different” between the BC and

NC groups in “Results” and “Discussion” sections. Specific details

and the p-values can be found in figure legends. Values are

shown as boxplots with the minimum, the maximum, the sample

median, and the lower-upper interquartile ranges. Since the seven

parameters indicative for the RBC indices and the eight for white

blood cells and platelets were measured in the same blood samples,

they cannot be considered independent. This lack of independence

may induce multiplicity, leading to a too small p-value and possibly

spurious significant results. Therefore, as a note of caution, in

our exploratory approach, we also applied other machine learning

approaches to assess if the same variables (blood parameters) are

consistently found different between NC and BC dog groups. First,

we used the function varrank available in the varrank package

(57) with a forward algorithm and the method Estevez. This

function sequentially compares the relevancy/redundancy balance

of information across a set of variables. Second, we constructed

a learning vector quantization model based on a 10-fold cross-

validation with the packages caret (58) and e1701 (59) to rank the

variables by importance in a model-free approach. Third, we used

the function Boruta (60) to search for the most relevant variable

by random forest. Fourth, another random-forest approach to

perform variable ranking was used with the package varSelRf (61)

with 200 trees.

3. Results

3.1. Study participants’ characteristics

The cohort of BC dogs included 16 purebred dogs

belonging to known brachycephalic breeds (7, 62, 63) and

two pug mixed-breed dogs with cephalic indices as well as
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FIGURE 1

Oxygen-sensitive parameters in blood samples of brachycephalic (BC) and non-brachycephalic (NC) dogs shown as box-and-whiskers plots. Plasma

levels of nitrite and nitrate RNO (A), reticulocytes count (B), Middle fluorescence intensity reticulocyte counts in % (C) Hemoglobin O2 saturation in

mixed venous blood (D), hemoglobin (E), and hematocrit (F). After the normality of distribution of the data was tested, Unpaired t-test or the

Wilcoxon signed-rank test was performed to detect significance of di�erences between the BC and NC groups. P-values are shown for each

parameter. Numbers above the bars are the number of study participants. Blue boxes are for the brachycephalic group and white ones for the

non-brachycephalic group. Dotted lines indicate a healthy reference range.

craniofacial ratios characteristic for brachycephalic breeds

(6, 22, 64). Their age ranged from 0.5 to 12 years; five

were males (one castrated) and 13 females (five spayed)

(Supplementary Table S1). The weight of BC dogs spanned

from 6 kg to 40 kg; most of the animals in this group (n =

11) were French Bulldogs. The cohort of NC dogs included

22 purebred and mixed breed dogs of 0.5–12.5 years of age,

from large (31 kg) to small size (6 kg), of which 17 were

females (nine spayed) and five males (one castrated). On

average, body weight of the BC group was significantly lower

compared to the NC group [mean 13.2 kg (median 10.3 ±

8.6 and mean 19.7 kg) (median 19.9 ± 8.8, respectively; P

= 0.016]. None of the dogs showed adverse events during

the blood withdrawal. Two dogs that had been enrolled in

the BC group (#27, an American Pitbull, and #40, a Boxer-

Dalmatian mix) were subsequently excluded due to missing clear

characteristics of BC dogs. They are therefore not listed in the

Supplementary Table S1.

Raw data that were obtained in our study may be

found at the open-source repository Zenodo platform

(doi: 10.5281/zenodo.7510523).

3.2. Hypoxic markers, RBC production, and
turnover markers

The BC dogs showed significantly higher plasma

concentrations of NO-derivatives nitrite and nitrate (RNO)

(Figure 1A) and an increase in reticulocyte counts (Figure 1B)

compared to the NC dogs. Apart from that, the reticulocytes with

medium fluorescence intensity (MFI) were more abundant in the

BC group than in the NC group (Figure 1C). No differences were

observed in the low (LFI) and high fluorescence intensity (HFI) of

the reticulocytes (see raw dataset). Other acute (O2 saturation of

hemoglobin, Figure 1D) and chronic (Hb and Hct, Figures 1E, F)

markers of hypoxia did not differ between the groups.

Red blood cell distribution width (RDW) showed statistically

significant difference between the BC and NC groups (Figure 2A,

Table 1, and Supplementary Figures 1–3). This finding was

supported using both common (t-test, Wilcoxon) statistical

approaches as well as three machine-learning approaches

(Supplementary Figures 1–3), indicating that this is an important

variable to predict the “BC-specific blood phenotype”. No signs of

even mild hemolytic activity was detected in any of the groups.
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FIGURE 2

Red blood cell distribution width (RDW) and carboxy-hemoglobin abundance are shown in panels (A, B) respectively as markers of RBC distress and

hemolytic activity. Dotted lines indicate healthy reference range.

TABLE 1 Red blood cell indices for non-brachycephalic (n = 22) and brachycephalic dogs (n = 18).

Parameter Unit Reference range clinics BC group (n = 18) SD NC group (n = 22) SD P∗

RBC count x106/µL 6.1–8.1 6.89 0.77 6.78 0.83 0.69

Hb g/dl 14.4–19.1 17.01 1.97 16.23 2.00 0.24

Hct % 42–55 47.16 4.80 45.73 5.39 0.4

MCV fl 64–73 68.59 2.71 67.51 1.92 0.18

MCHC g/dl 34–36 36.02 0.74 35.52 0.58 0.03

MCH pg 23–26 24.72 1.20 23.94 0.78 0.03

RDW % 13.2–19.1 15.18 1.01 13.44 1.24 0.000041

∗P-values here are not adjusted for multiplicity. Highlighted in bold are the P values below 0.05. Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCHC, mean corpuscular

hemoglobin concentration; MCH, mean corpuscular hemoglobin; RDW, red blood cell distribution width. All the variables in this table are normally distributed.

CO-Hb (Figure 2B) and bilirubin (lower than 2.5µM for both

groups) were not higher in the BC dogs compared to the NC dogs.

3.3. Red blood cell membrane stability and
hydration

RBCs of the BC group were presented with facilitated

membrane loss that was visualized as lower band 3 protein

abundance using EMA test (Figure 3A). Furthermore, mean

corpuscular Hb (MCH, Figure 3B) and mean corpuscular Hb

concentration (MCHC, Figure 3C) were significantly higher in the

BC dogs compared to the NC dogs. Mean cell volume (MCV,

Figure 3D) did not differ between the two groups.

Further information on the RBC hydration, membrane

stability, and deformability was obtained using ektacytometry. The

osmoscan curves for the blood samples of the BC group was shifted

to the left compared to those of the NC dogs. The area under the

osmoscan curve for the BC group significantly exceeded that for the

NC RBCs (Figure 3E). “Area” was the only parameter in our study

that depended on the neutering status of the dogs (p = 0.008) in

both BC and NC groups, while all the other parameters measured

did not show any association with sex, age, or neutering state.

Elongation index reflecting RBC deformability (EImax, Figure 3F)

and the lowest tolerable osmolarity O_min associated with osmotic

stability (Figure 3H) did not significantly differ between the two

groups. In agreement with an increase in MCHC, RBCs of BC

group were less tolerant to hyperosmotic stress than the RBCs of

the NC dogs (Figure 3G).

3.4. RBC redox state and inflammatory and
stress markers

In blood samples that were analyzed within 30min after

blood collection, intraerythrocytic GSH for the BC group was

significantly lower than that for the NC dogs (Figure 4A). The

observed difference in GSH was not mirrored by the reduction

in total (protein and non-protein) thiols that were detected as

MBBr fluorescence (Figure 4B). No difference in met-Hb levels was

detected between BC and NC dogs (see raw dataset).

Plasma CRP, an acute phase inflammation marker, was not

different in the BC dogs compared to the NC dogs (Figure 5A).

For some dogs from both groups, the plasma CRP values exceeded

the upper reference value of 10.7 mg/L (46). The majority of

the blood samples with pathologically high CRP levels originated
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FIGURE 3

Membrane stability, RBC indices, cell deformability, and hydration markers. Membrane surface area using EMA staining (band 3 protein) normalized to

human control (A), Mean cell hemoglobin [MCH, (B)], Mean cell hemoglobin concentration [MCHC, (C)], and Mean cell volume [MCV, (D)]. The

LoRRca osmoscan mode was used to detect the following ektacytometry indices: Area [the range of osmolarities tolerated while able to deform, (E)],

Maximal elongation index EImax [deformability, (F)], Maximal tolerated osmolarity O_hyper [hydration state of RBCs, (G)], and minimal tolerated

osmolarity O_min [osmotic stability, (H)]. Unpaired Student’s t-test was performed on the datasets except for the Area parameter. For the latter,

Wilcoxon rank sum test was performed.
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FIGURE 4

RBC oxidation markers. Intraerythrocytic non-protein reduced thiols represented mainly by reduced glutathione [GSH, (A)], and total (non-protein

and protein) reduced thiols assessed as monobromobimane (MBBr) fluorescence intensity (B).

FIGURE 5

Plasma concentrations of the inflammatory marker C-reactive protein CRP, (A) and of a stress marker, cortisol (B).

from NC dogs. Plasma concentrations of a stress marker cortisol,

were significantly higher in the BC group compared to the NC

group (Figure 5B). The median cortisol concentrations in the BC

group were approaching the upper reference threshold of 26 µg/L

(65). Total leukocyte and absolute neutrophil counts did not differ

between the two groups (Table 2). However, absolute lymphocyte

and eosinophil counts were significantly lower in the BC dogs

compared to the NC dogs (Table 2). No difference was found

between the two groups in monocyte, basophil, and platelet counts

or in thrombocrit (Table 2).

3.5. Metabolic changes

Plasma glucose concentrations were similar for both groups

(Figure 6A) but plasma lactate levels were significantly higher in

BC dogs compared to NC dogs (Figure 6B). Plasma cholesterol

(Figure 6C) and triglyceride (Figure 6D) concentrations were

significantly lower in the BC blood samples compared to the NC

dogs. When normalized to blood Hb levels, lactate production rate

during the simulated transportation did not differ between the BC

and NC groups.

3.6. Outcome of the simulated
transportation study (part II)

Simulated “transportation” of the blood samples was

associated with a gradual recovery of intracellular GSH levels

in RBCs of the BC group that did not differ from those in

the NC group after the 6 h of the “shipment” (Figure 7A).

Furthermore, RBCs of the NC dogs shed some of the

membrane which contained band 3 protein. As a result,

a 24 h of shipment resulted in reduction in EMA staining

intensity of the RBCs in the NC group which then did not

differ from the values obtained for the RBCs of the BC dogs

(Figure 7B).
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TABLE 2 Total white blood cell di�erential and platelet counts in venous blood samples of non-brachycephalic (n = 22) and brachycephalic dogs

(n = 18).

Parameter Reference BC group
Median∗/mean

Lower-upper
IQR∗ or SD

N NC group
Median∗/mean

Lower-upper
IQR∗ SD

N p

Leukocytes,

x10E3/µL

4.74–11.3 8.52 5.33–10.71 18 8.62∗ 7.57–11.22 22 0.355

Neutrophils,

x10E9/L

2.54–7.44 5.39 3.52–6.73 18 5.01∗ 3.98–5.92 22 0.87

Lymphocytes,

x10E9/L

1.154–3.4 2.09 0.99 18 3.08 1.38 22 0.015

Neutrophil/

lymphocyte ratio

2.63 1.75–4.85 18 1.72 1.15–2.43 22 0.009

Eosinophils,

x10E9/L

0.124–1.29 0.23 0.16–0.48 18 0.58∗ 0.40–0.89 22 0.02

Basophils,

x10E9/L

04–0.08 0.02 0.007–0.022 18 0.02∗ 0.010–0.02 22 0.93

Monocytes,

x10E9/L

0.24–0.92 0.59 0.35 18 0.68 0.24 22 0.35

Platelets,

x10E9/L

1304–394 555 340–751 17 456 307–564 22 0.15

Thrombocrit % 0.14–0.61 0.29 0.17–0.41 17 0.24 0.19–0.31 22 0.24

Normality Shapiro–Wilk test performed. If the distribution was proven normal, it was followed by a Student’s t-test statistics (means and SD shown). If normality test was failing, ∗Mann–

Whitney rank sum test was performed. Shown in the table are the medians and the lower-upper interquartile ranges (IQR). P values below 0.05 signifying the statistically significant differences

between the BC and NC groups are highlighted in bold.

FIGURE 6

Metabolic markers in plasma. Glucose (A) and lactate (B) concentrations in plasma of 21 NC and 18 BC dogs. Plasma concentrations of cholesterol

(C) and triglycerides (D) for 21 NC and 18 BC dogs. Dotted lines indicate healthy reference range.
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FIGURE 7

Time-dependent alterations in the intraerythrocytic GSH levels (A), and in the abundance of band 3 protein in RBC membrane measured as EMA

fluorescence intensity (B) during the 24h simulated transportation.

4. Discussion

The obtained data reveal the existence of a particular pattern

of blood parameters associated brachycephaly. We were unable

to confirm reduced blood oxygenation of BC dogs directly

by monitoring hemoglobin oxygen saturation (Figure 1D). We

also failed to observe signs of polycythemia i.e., an increase

in erythrocyte count in the BC dog group (Table 1). In 1.6–

10% of human patients with OSA that spend more time with

SaO2 lower than 90%, polycythemia was reported (66). Still, the

modest increase in reticulocyte count (Figure 1B) and a higher

abundance of MFI reticulocytes (Figure 1C) may be indicative

of stress erythropoiesis. These features were also reported for

patients with OSA, for whom a strong association between the

higher abundance of immature reticulocytes with duration of

hypoxic phases during sleep was shown (67). Marrone et al. (67)

reported that abundance of MFI reticulocytes shows maximal

association with the apnea/hypopnea index, and with the lowest

arterial O2 saturation, while the HFI reticulocyte counts do not

correlate with these parameters. In human subjects with OSA,

reduction in reticulocyte maturation was not accompanied by

an increase in plasma erythropoietin levels. This resembles an

early increase in immature reticulocytes in heathy subjects acutely

exposed to high altitude hypoxia (3500m above sea level) observed

at the day of assent before an increase in plasma erythropoietin

could be detected (68). Washout of the pre-existing immature

reticulocytes from bone marrow compartment rather than an

increase in de novo production of reticulocytes in response

to acute hypoxic challenge was suggested as a mechanism for

this effect.

RDW was the most relevant variable of all RBC indices that

distinguished NC from BC groups (Supplementary Figures 1–3).

Upregulation of RDW, which was shown to be a non-specific

indicator of distress in humans (69, 70) and in dogs (71–

73), was observed for the BC group. However, RDW remained

below the upper reference threshold for healthy animals for both

groups (Figure 2A). An increase in RDW in the BC group was

not associated with parameters indicative for facilitated RBC

destruction such as an increase in plasma bilirubin of CO-Hb

levels. However, higher reticulocyte counts in BC dogs suggest

faster RBC turnover in this group (Figure 1B). Alternatively, the

“washout” effect mentioned above may be the cause. Measurements

of plasma erythropoietin concentrations that were not performed

in this study could add to the understanding of the possible causes

of higher RDW in BC group.

Our data reflected higher levels of RNO in the plasma of

BC dogs compared to the NC group (Figure 1A). NO release

in response to acute or chronic hypoxia induces vasodilatation

in humans (74) and dogs (75, 76). The pattern of changes in

NO production during chronic intermittent hypoxia is more

complex. Airway NO production is proportional to the OSA

severity grade in human patients (77). Plasma NO bioavailability

is reduced in OSA patients due to the oxidative stress. An

increase in asymmetric dimethylarginine (ADMA) levels that

trigger uncoupling of NO synthases further diminishes plasma

NO content (78, 79) as superoxide anion-induced derivatization

of NO to ONOO− decreases the NO levels even further (80).

In contrast to that of OSA-affected human patients, intermittent

hypoxia in BC dogs is associated with upregulation of RNOs

(Figure 2B) (36). This feature may represent breeding-associated

genetic or epigenetic adaptation as increased NO bioavailability

supports survival under hypoxic conditions in humans (81, 82)

and animals (83). Endothelial NO synthase gene expression is

under the control of promoter-containing hypoxia-responsive

elements (84). Earlier studies revealed that plasma levels of

NO derivatives in dogs are breed-dependent, being higher in

Cairn Terriers than in Pointers, and the lowest in sled dogs

(Alaskan huskies mixed with German and English Pointer) or

in King Charles Spaniels (85). In the same study, the effect

of exercise on RNO in sled dogs was shown, and the need

for gender-stratification was mentioned. Thus, the use of RNO

as an indicator of intermittent hypoxia in dogs still must

be elucidated.

Inflammatory state is reported for pathological conditions

resulting from intermittent hypoxia in humans with OSA (43,

86, 87) and dogs presenting with BOAS (12, 37, 39). The
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missing differences in the CRP concentrations between BC and

NC dogs in our study may reflect differences in study designs.

In the present study we compared blood parameters of non-

brachycephalic with those of brachycephalic dogs. In the other

studies two groups of brachycephalic dogs, one with and one

without BOAS, were compared with each other. An upregulated

neutrophil-to-lymphocyte ratio (Table 2) as well as the increase in

plasma cortisol levels (Figure 5B) that we observed in the blood

of the BC group have been recognized as stress response markers

in a number of species, including dogs (88). Recently, similar

changes in leukogram were reported for dogs challenged with

short-distance road transport (89). In humans, a similar increase

in neutrophil-to-lymphocyte ratio was observed for the severe OSA

state (90).

Despite the lack of inflammation, RBCs of BC dogs showed

signs of oxidation (Figure 5A). Mature canine RBCs lack

mitochondria but the other peripheral cell types do have them.

Production of reactive oxygen species by hypoxic mitochondria

was shown for endothelial cells, myocardium, and the brain

(91). Reoxygenation adds to the free radical production that

is persisting in the tissues of patients with OSA exposed to

hypoxia-reoxygenation bouts (92). The ability of the RBCs of

the BC dogs to restore GSH levels extracorporeally during the

simulated transportation (Figure 7B) suggests that the oxidative

load causing a drop in GSH most likely reflects production of

oxidants by the peripheral tissues as in humans with OSA (92, 93).

Interestingly, whole-blood superoxide dismutase (SOD) activity

was found to be decreased in dogs with severe BOAS (grade 2–

3) before corrective surgery (94), although it recovered within 2

weeks after surgery. As SOD in blood is mainly represented by

the pool located in RBCs; this fast recovery indicates that the

suppression of SOD activity was reversible. Canine RBC life-span

is about 110 days (95), and most of the RBCs circulating 14

days after the surgery were produced before the BOAS correction

was performed. RBCs are not able to replace damaged and

permanently inactivated proteins, thus the partial inactivation of

SOD was reversed gradually after the operation as RBCs were

replaced by newly produced ones. Of note, glutathione peroxidase

activity in whole blood and malondialdehyde levels in plasma of

BOAS-affected brachycephalic dogs did not differ from that in

brachycephalic dogs without the signs of BOAS (94). Additional

investigation of peroxiredoxins and catalase activity could provide

further insights on the impact of BOAS on the antioxidant capacity

of RBCs.

The impact of OSA on RBC shape and membrane

surface:volume ratio has been documented due to vesiculation

(96). In human RBCs, vesicle formation is promoted by Ca2+

uptake (97) and oxidative stress (98), and rheology of RBC gets

affected by the membrane loss (99). Although we could not confirm

statistically significant alterations in RBC deformability in BC

dogs, the tendencies to RBC dehydration were observed for these

dogs (Figures 3F, G). Furthermore, facilitated vesiculation and

loss of band 3 protein as follows from the EMA test (Figure 3A)

contributes to heterogeneity of RBC shapes and sizes, which is

reflected by the increase in RDW (Figure 2A). This parameter

proved to be the best predictor of BC phenotype amongst all

the RBC indices (Figure 2A and Supplementary Figures 1–3).

The currently accepted “healthy” reference range for RDW

for dogs is rather broad and is not stratified for breeds. The

obtained data, however, do not provide evidence for the possible

association of RDW with BOAS severity. RDW is a non-selective

parameter reflecting distress in dogs with critical illness, and

predicting severity of disease state and mortality prognosis in

dogs (72, 100) and in humans (101). Vesiculation and membrane

loss and changes in morphology of RBCs contribute to the

increase in variance of RBCs that are exposed to repetitive shear

stress (102).

Metabolic consequences of intermittent hypoxia include insulin

resistance and obesity in humans (103, 104), resulting from

the stabilization of the hypoxia-inducible transcription factor 1-

α (HIF1-α), and from increasing sympathetic neural activity

that is crucial for the regulation of glucose and fat metabolism

(104). We have observed a difference in parameters reflecting

glucose and lipid metabolism between the BC and NC dogs.

Plasma glucose concentrations did not differ between the groups

in our study (Figure 6A). Earlier on, slightly higher glucose

levels reported in BC dogs were associated with the severity

of anatomical abnormalities (39). Plasma of BC dogs in our

study contained slightly but significantly more lactate that

that of NC dogs (Figure 6B). For both groups the absolute

values were within the “healthy” reference range for dogs [0.3–

2.5mM (105)]. This may be an indirect indication of transient

recurrent hyperglycemia associated with hypoxic bouts for Pugs,

French Bulldogs, and English Bulldogs as reported by Gianella

et al. (39). Plasma lactate concentrations reflect its cumulative

production by RBCs and peripheral tissues. As we could not

confirm the BC-to-NC differences in lactate production by RBCs

in a simulated transportation study (data not shown), this

minor increase in plasma lactate of BC dogs may be caused

by facilitated glycolysis of the peripheral tissues. Lactatemia

detected within 24 h after birth was shown to be a negative

prognostic indicator for survival for puppies of brachycephalic

breeds (38).

In our study we have observed lower cholesterol and

triglyceride levels in plasma of BC dogs compared to NC ones

(Figures 6C, D). These unexpected observations were not in

line with the data reported for rodents and humans exposed

to chronic continuous or short-term intermittent hypoxia.

While in rodent models a decrease in oxygenation was always

associated with an upregulation of plasma cholesterol and

triglyceride levels, contradictory findings (from an increase to

no response) were reported in several human studies (106,

107). Measurements of plasma cholesterol and triglyceride

levels in brachycephalic dogs with various degrees of BOAS

severity did not reveal a significant association between these

parameters and severity of the pathological condition (39). In

our BC group, plasma cholesterol and triglyceride levels in

the BC group were on average lower than those in the NC

group (Figures 6C, D) but still within the reference range for

healthy animals.

This study was performed to identify the blood parameters

that show dependence on the cranial anatomical features typical

for brachycephaly. Based on our findings, the parameters of

interest include the RNO, GSH, RBC indices (particularly the
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RDW), reticulocyte counts and their maturity, stress markers

(cortisol and leucocytes-to-neutrophils ratio), cholesterol, and

triglycerides. Using breed lists to categorize brachycephalic

and non-brachycephalic dogs may limit the explanatory

power of our study, as dogs assigned to mesocephalic

breeds such as Pomeranians may also suffer from small

dimensioned rostral airways without the owners being aware

of it. The severity of brachycephalic state and the sensitivity

and specificity of the chosen parameters will be tested in a

follow-up study.

Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/Supplementary material.

Ethics statement

The animal study was reviewed and approved by the Veterinary

Department of the Canton Zurich (#ZH161/19). Written informed

consent was obtained from the owners for the participation of their

animals in this study.

Author contributions

IR, AB, and RH-L planned the study and received funding for it.

IR recruited the study participants and collected blood. SK, SF, AV,

NB, and AB performed experiments and analyzed blood samples.

SK, SF, AB, and SH analyzed the data. AB, SK, IR, RH-L, and MS

produced a manuscript draft. All authors contributed to the article

and approved the submitted version.

Funding

We acknowledge the Bundesamt für Lebensmittelsicherheit

und Veterinärwesen for funding this study (ARAMIS-Nr.

2.20.01). AB, SF, and AV were supported by the SNF Sinergia

funding (#CRSII5_180234).

Acknowledgments

We would like to thank all the dog owners for their

participation in this study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.

1166032/full#supplementary-material

References

1. Fawcett A, Barrs V, Awad M, Child G, Brunel L, Mooney E, et al.
Consequences and management of canine brachycephaly in veterinary practice:
perspectives from australian veterinarians and veterinary specialists. Animals. (2018)
9, 3. doi: 10.3390/ani9010003

2. Club, A. K. LabMost Popular Breed for 30th Straight Year; Frenchie Jumps to No. 2.
(2021). Available online at: https://www.akc.org/expert-advice/dog-breeds/labrador-
retriever-popular-dog-breed-30th-straight-year/ (accessed July 27, 2023).

3. The American Kennel Club, I. Most Popular Dog Breeds. (2022). Available online
at: https://www.akc.org/most-popular-breeds/

4. Lorenz K. Studies in Animal and Human Behaviour Volume II. 2, 115–195.
Cambridge, MA: Harvard University Press. (1971). doi: 10.4159/harvard.97806744
30426

5. Ashley S. The Best Low-Maintenance Dogs for People with Super-Hectic Lives.
PureWow.com. (2022). Available online at: https://www.purewow.com/family/low-
maintenance-dog-breeds (accessed July 27, 2023).

6. Packer RMA, O’neill DG, Fletcher F, Farnworth MJ. Great
expectations, inconvenient truths, and the paradoxes of the dog-owner
relationship for owners of brachycephalic dogs. PLoS ONE. (2019)
14:e0219918. doi: 10.1371/journal.pone.0219918

7. O’Neill DG, Pegram C, Crocker P, Brodbelt DC, Church DB, Packer RMA, et al.
Unravelling the health status of brachycephalic dogs in the UK using multivariable
analysis. Sci Rep. (2020) 10:17251. doi: 10.1038/s41598-020-73088-y

8. KochDA, Arnold S, HublerM,Montavon PM. Brachycephalic Syndrome in Dogs.
Compendium on continuing education for the practising veterinarian.-North Am Edn.
(2003) 25:48–55.

9. Lodato DL, Hedlund CS. Brachycephalic airway syndrome:Pathophysiology and
diagnosis. Compedium. (2012) 34:E3.

10. Packer RM, Hendricks A, Tivers MS, Burn CC. Impact of facial conformation
on canine health: brachycephalic obstructive airway syndrome. PLoS ONE. (2015)
10:e0137496. doi: 10.1371/journal.pone.0137496

11. Dupre G, Heidenreich D. Brachycephalic Syndrome. Vet Clin North
Am Small Anim Pract. (2016) 46:691–707. doi: 10.1016/j.cvsm.2016.
02.002

12. Ekenstedt KJ, Crosse KR, Risselada M. Canine brachycephaly:
anatomy, pathology, genetics and welfare. J Comp Pathol. (2020)
176:109–15. doi: 10.1016/j.jcpa.2020.02.008

13. Jones BA, Stanley BJ, Nelson NC. The impact of tongue dimension on air volume
in brachycephalic dogs. Vet Surg. (2020) 49:512–20. doi: 10.1111/vsu.13302

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2023.1166032
https://www.frontiersin.org/articles/10.3389/fvets.2023.1166032/full#supplementary-material
https://doi.org/10.3390/ani9010003
https://www.akc.org/expert-advice/dog-breeds/labrador-retriever-popular-dog-breed-30th-straight-year/
https://www.akc.org/expert-advice/dog-breeds/labrador-retriever-popular-dog-breed-30th-straight-year/
https://www.akc.org/most-popular-breeds/
https://doi.org/10.4159/harvard.9780674430426
https://www.purewow.com/family/low-maintenance-dog-breeds
https://www.purewow.com/family/low-maintenance-dog-breeds
https://doi.org/10.1371/journal.pone.0219918
https://doi.org/10.1038/s41598-020-73088-y
https://doi.org/10.1371/journal.pone.0137496
https://doi.org/10.1016/j.cvsm.2016.02.002
https://doi.org/10.1016/j.jcpa.2020.02.008
https://doi.org/10.1111/vsu.13302
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Kämpf et al. 10.3389/fvets.2023.1166032

14. Packer RM, Tivers MS. Strategies for the management and prevention of
conformation-related respiratory disorders in brachycephalic dogs. Vet Med. (2015)
6:219–32. doi: 10.2147/VMRR.S60475

15. Poncet CM, Dupre GP, Freiche VG, Estrada MM, Poubanne YA, Bouvy
BM, et al. Prevalence of gastrointestinal tract lesions in 73 brachycephalic
dogs with upper respiratory syndrome. J Small Anim Pract. (2005) 46:273–
9. doi: 10.1111/j.1748-5827.2005.tb00320.x

16. Freiche V, German AJ. Digestive diseases in brachycephalic dogs. Vet Clin North
Am Small Anim Pract. (2021) 51:61–78. doi: 10.1016/j.cvsm.2020.09.006

17. Davis MS, Cummings SL, Payton ME. Effect of brachycephaly and body
condition score on respiratory thermoregulation of healthy dogs. J Am Vet Med Assoc.
(2017) 251:1160–5. doi: 10.2460/javma.251.10.1160

18. Michell AR. Longevity of British breeds of dog and its relationships
with sex, size, cardiovascular variables and disease. Vet Rec. (1999) 145:625–
9. doi: 10.1136/vr.145.22.625

19. O’Neill DG, Church DB, Mcgreevy PD, Thomson PC, Brodbelt DC.
Longevity and mortality of owned dogs in England. Vet J. (2013) 198:638–
43. doi: 10.1016/j.tvjl.2013.09.020

20. Won S, Lee A, Choi J, Choi M, Yoon J. Computed tomographic bronchioarterial
ratio for brachycephalic dogs without pulmonary disease. J Vet Sci. (2015) 16:221–
4. doi: 10.4142/jvs.2015.16.2.221

21. Oechtering GU, Pohl S, Schlueter C, Lippert JP, Alef M, Kiefer I, et al. A Novel
approach to brachycephalic syndrome evaluation of anatomical intranasal airway
obstruction. Vet Surg 45. (2016) 165–72. doi: 10.1111/vsu.12446

22. Liu NC, Troconis EL, Kalmar L, Price DJ, Wright HE, Adams VJ,
et al. Conformational risk factors of brachycephalic obstructive airway
syndrome (BOAS) in pugs, French bulldogs, and bulldogs. PLoS ONE. (2017)
12:e0181928. doi: 10.1371/journal.pone.0181928

23. Selba MC, Oechtering GU, Heng HG, Deleon VB. The impact of selection for
facial reduction in dogs: geometric morphometric analysis of canine cranial shape.
Anat Rec. (2020) 303:330–46. doi: 10.1002/ar.24184

24. Hirt RA, Leinker S, Mosing M, Wiederstein I. Comparison of barometric
whole body plethysmography and its derived parameter enhanced pause (PENH) with
conventional respiratory mechanics in healthy Beagle dogs. Vet J. (2008) 176:232–
9. doi: 10.1016/j.tvjl.2007.05.025

25. Bernaerts F, Talavera J, Leemans J, Hamaide A, Claeys S, Kirschvink N, et al.
Description of original endoscopic findings and respiratory functional assessment
using barometric whole-body plethysmography in dogs suffering from brachycephalic
airway obstruction syndrome. Vet J. (2010) 183:95–102. doi: 10.1016/j.tvjl.2008.
09.009

26. Liu NC, Sargan DR, Adams VJ, Ladlow JF. Characterisation of brachycephalic
obstructive airway syndrome in french bulldogs using whole-body barometric
plethysmography. PLoS ONE. (2015) 10:e0130741. doi: 10.1371/journal.pone.0130741

27. Liu NC, Adams VJ, Kalmar L, Ladlow JF, Sargan DR. Whole-body barometric
plethysmography characterizes upper airway obstruction in 3 brachycephalic breeds of
dogs. J Vet Intern Med. (2016) 30:853–65. doi: 10.1111/jvim.13933

28. Riggs J, Liu NC, Sutton DR, Sargan D, Ladlow JF. Validation of exercise testing
and laryngeal auscultation for grading brachycephalic obstructive airway syndrome
in pugs, French bulldogs, and English bulldogs by using whole-body barometric
plethysmography. Vet Surg. (2019) 48:488–96. doi: 10.1111/vsu.13159

29. Lilja-Maula L, Lappalainen AK, Hyytiainen HK, Kuusela E, Kaimio M,
Schildt K, et al. Comparison of submaximal exercise test results and severity of
brachycephalic obstructive airway syndrome in English bulldogs. Vet J. (2017) 219:22–
6. doi: 10.1016/j.tvjl.2016.11.019

30. Arulpagasam S, Lux C, Odunayo A, Biskup J, Sun X. Evaluation of pulse
oximetry in healthy brachycephalic dogs. J Am Anim Hosp Assoc. (2018) 54:344–
50. doi: 10.5326/JAAHA-MS-6654

31. Bruchim Y, Klement E, Saragusty J, Finkeilstein E, Kass P, Aroch I, et al. Heat
stroke in dogs: A retrospective study of 54 cases (1999-2004) and analysis of risk factors
for death. J Vet Intern Med. (2006) 20:38–46. doi: 10.1111/j.1939-1676.2006.tb02821.x

32. Roedler FS, Pohl S, Oechtering GU. How does severe brachycephaly affect
dog’s lives? Results of a structured preoperative owner questionnaire. Vet J. (2013)
198:606–10. doi: 10.1016/j.tvjl.2013.09.009

33. Lindsay B, Cook D, Wetzel JM, Siess S, Moses P. Brachycephalic airway
syndrome: management of post-operative respiratory complications in 248 dogs. Aust
Vet J. (2020) 98:173–80. doi: 10.1111/avj.12926

34. Hendricks JC, Kline LR, Kovalski RJ, O’brien JA, Morrison AR, Pack AI. The
English bulldog: a natural model of sleep-disordered breathing. J Appl Physiol. (1985)
63:1344–50. doi: 10.1152/jappl.1987.63.4.1344

35. Jun J, Polotsky VY. Sleep Disordered breathing and metabolic effects: evidence
from animal models. Sleep Med Clin. (2007) 2:263–77. doi: 10.1016/j.jsmc.2007.03.009

36. Rancan L, Romussi S, Garcia P, Albertini M, Vara E, Sanchez D. Assessment of
circulating concentrations of proinflammatory and anti-inflammatory cytokines and
nitric oxide in dogs with brachycephalic airway obstruction syndrome. Am J Vet Res.
(2013) 74, 155–160. doi: 10.2460/ajvr.74.1.155

37. Planellas M, Cuenca R, TabarMD, Bertolani C, Poncet C, Closa JM, et al. Clinical
assessment and C-reactive protein (CRP), haptoglobin (Hp), and cardiac troponin I
(cTnI) values of brachycephalic dogs with upper airway obstruction before and after
surgery. Can J Vet Res. (2015) 79:58–63. doi: 10.1186/1746-6148-8-152

38. Castagnetti C, Cunto M, Bini C, Mariella J, Capolongo S, Zambelli D,
et al. Time-dependent changes and prognostic value of lactatemia during the
first 24 h of life in brachycephalic newborn dogs. Theriogenology. (2017) 94:100–
4. doi: 10.1016/j.theriogenology.2017.01.040

39. Gianella P, Caccamo R, Bellino C, Bottero E, Fietta F, Roncone S, et al. Evaluation
of metabolic profile and C-reactive protein concentrations in brachycephalic dogs
with upper airway obstructive syndrome. J Vet Intern Med. (2019) 33:2183–
92. doi: 10.1111/jvim.15575

40. Crane C, Rozanski EA, Abelson AL, Delaforcade A. Severe brachycephalic
obstructive airway syndrome is associated with hypercoagulability in dogs. J Vet Diagn
Invest. (2017) 29:570–3. doi: 10.1177/1040638717703434

41. Sackett DL, Haynes RB. The architecture of diagnostic research. BMJ. (2002)
324:539–41. doi: 10.1136/bmj.324.7336.539

42. Wu ZH, Tang Y, Niu X, Sun HY. The role of nitric oxide (NO) levels in patients
with obstructive sleep apnea-hypopnea syndrome: a meta-analysis. Sleep Breath. (2021)
25:9–16. doi: 10.1007/s11325-020-02095-0

43. Hu Y,Mai L, Luo J, ShiW, XiangH, Song S, et al. Peripheral blood oxidative stress
markers for obstructive sleep apnea-a meta-analysis. Sleep Breath. (2022) 24:2045–
57. doi: 10.1007/s11325-021-02557-z

44. Mcgreevy PD, Georgevsky D, Carrasco J, Valenzuela M, Duffy DL, Serpell JA,
et al. Dog behavior co-varies with height, bodyweight and skull shape. PLoS ONE.
(2013) 8:e80529. doi: 10.1371/journal.pone.0080529

45. Schatz KZ, Engelke E, Pfarrer C. Comparative morphometric study of the mimic
facial muscles of brachycephalic and dolichocephalic dogs. Anat Histol Embryol. (2021)
50:863–75. doi: 10.1111/ahe.12729

46. Klenner S, Bauer N, Moritz A. Evaluation of three automated human
immunoturbidimetric assays for the detection of C-reactive protein in dogs. J Vet Diagn
Invest. (2010) 22:544–52. doi: 10.1177/104063871002200408

47. NemethN, Kiss F, Klarik Z,Miko I. Comparative osmotic gradient ektacytometry
data on inter-species differences of experimental animals. Clin Hemorheol Microcirc.
(2014) 57:1–8. doi: 10.3233/CH-2012-1620

48. Nemeth N, Kiss F, Miszti-Blasius K. Interpretation of osmotic gradient
ektacytometry (osmoscan) data: a comparative study for methodological standards.
Scand J Clin Lab Invest. (2015) 75:213–22. doi: 10.3109/00365513.2014.993695

49. Van Cromvoirt AM, Fenk S, Sadafi A, Melnikova EV, Lagutkin DA, Dey K,
et al. Donor age and red cell age contribute to the variance in lorrca indices in
healthy donors for next generation ektacytometry: a pilot study. Front Physiol. (2021)
12:639722. doi: 10.3389/fphys.2021.639722

50. King MJ, Zanella A. Hereditary red cell membrane disorders and laboratory
diagnostic testing. Int J Lab Hematol. (2013) 35:237–43. doi: 10.1111/ijlh.12070

51. Kosower EM, Kosower NS. Bromobimane probes for thiols. Methods Enzymol.
(1995) 251:133–48. doi: 10.1016/0076-6879(95)51117-2

52. Viviano KR, Lavergne SN, Goodman L, Vanderwielen B, Grundahl L, Padilla M,
et al. Glutathione, cysteine, and ascorbate concentrations in clinically ill dogs and cats.
J Vet Intern Med. (2009) 23:250–7. doi: 10.1111/j.1939-1676.2008.0238.x

53. Tietze F. Enzymic method for quantitative determination of nanogram amounts
of total and oxidized glutathione: applications to mammalian blood and other tissues.
Anal Biochem. (1969) 27:502–22. doi: 10.1016/0003-2697(69)90064-5

54. Bogdanova AY, Ogunshola OO, Bauer C, Gassmann M. Pivotal role
of reduced glutathione in oxygen-induced regulation of the Na(+)/K(+)
pump in mouse erythrocyte membranes. J Membr Biol. (2003) 195:33–
42. doi: 10.1007/s00232-003-2042-8

55. Mihov D, Vogel J, Gassmann M, Bogdanova A. Erythropoietin activates nitric
oxide synthase in murine erythrocytes. Am J Physiol Cell Physiol. (2009) 297:C378–
388. doi: 10.1152/ajpcell.00543.2008

56. Team RC. R version 3, 6.1. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing (2019).

57. Kratzer G, Furrer R. varrank: An r package for variable ranking based on mutual
information with applications to systems epidemiology. R Package Version. (2018) 2:3.
doi: 10.48550/arXiv.1804.07134

58. Kuhn M. Caret: classification and regression training. R Package Version.
(2022) 6:1–92. Available online at: https://CRAN.R-project.org/package=caret

59. Meyer D, Dimitriadou E, Hornik K,Weingessel A, Leisch F.Misc Functions of the
Department of Statistics, Probability Theory Group (Formerly: E1071). Vienna: TUWien.
Available online at: https://rdrr.io/rforge/e1071/

60. Kursa MB, Rudnicki WR. Feature selection with the boruta package. J Stat Softw.
(2010) 36:1–13. doi: 10.18637/jss.v036.i11

61. Diaz-Uriarte R. GeneSrF and varSelRF: a web-based tool and R package for
gene selection and classification using random forest. BMC Bioinformatics. (2007)
8:328. doi: 10.1186/1471-2105-8-328

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2023.1166032
https://doi.org/10.2147/VMRR.S60475
https://doi.org/10.1111/j.1748-5827.2005.tb00320.x
https://doi.org/10.1016/j.cvsm.2020.09.006
https://doi.org/10.2460/javma.251.10.1160
https://doi.org/10.1136/vr.145.22.625
https://doi.org/10.1016/j.tvjl.2013.09.020
https://doi.org/10.4142/jvs.2015.16.2.221
https://doi.org/10.1111/vsu.12446
https://doi.org/10.1371/journal.pone.0181928
https://doi.org/10.1002/ar.24184
https://doi.org/10.1016/j.tvjl.2007.05.025
https://doi.org/10.1016/j.tvjl.2008.09.009
https://doi.org/10.1371/journal.pone.0130741
https://doi.org/10.1111/jvim.13933
https://doi.org/10.1111/vsu.13159
https://doi.org/10.1016/j.tvjl.2016.11.019
https://doi.org/10.5326/JAAHA-MS-6654
https://doi.org/10.1111/j.1939-1676.2006.tb02821.x
https://doi.org/10.1016/j.tvjl.2013.09.009
https://doi.org/10.1111/avj.12926
https://doi.org/10.1152/jappl.1987.63.4.1344
https://doi.org/10.1016/j.jsmc.2007.03.009
https://doi.org/10.2460/ajvr.74.1.155
https://doi.org/10.1186/1746-6148-8-152
https://doi.org/10.1016/j.theriogenology.2017.01.040
https://doi.org/10.1111/jvim.15575
https://doi.org/10.1177/1040638717703434
https://doi.org/10.1136/bmj.324.7336.539
https://doi.org/10.1007/s11325-020-02095-0
https://doi.org/10.1007/s11325-021-02557-z
https://doi.org/10.1371/journal.pone.0080529
https://doi.org/10.1111/ahe.12729
https://doi.org/10.1177/104063871002200408
https://doi.org/10.3233/CH-2012-1620
https://doi.org/10.3109/00365513.2014.993695
https://doi.org/10.3389/fphys.2021.639722
https://doi.org/10.1111/ijlh.12070
https://doi.org/10.1016/0076-6879(95)51117-2
https://doi.org/10.1111/j.1939-1676.2008.0238.x
https://doi.org/10.1016/0003-2697(69)90064-5
https://doi.org/10.1007/s00232-003-2042-8
https://doi.org/10.1152/ajpcell.00543.2008
https://doi.org/10.48550/arXiv.1804.07134
https://CRAN.R-project.org/package=caret
https://rdrr.io/rforge/e1071/
https://doi.org/10.18637/jss.v036.i11
https://doi.org/10.1186/1471-2105-8-328
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Kämpf et al. 10.3389/fvets.2023.1166032

62. Downing F, Gibson S. Anaesthesia of brachycephalic dogs. J Small Anim Pract.
(2018) 59:725–33. doi: 10.1111/jsap.12948

63. Geiger M, Schoenebeck JJ, Schneider RA, Schmidt MJ, Fischer MS, Sanchez-
Villagra MR. Exceptional changes in skeletal anatomy under domestication:
the case of brachycephaly. Integr Org Biol. (2021) 3:obab023. doi: 10.1093/iob/
obab023

64. Roberts T, Mcgreevy P, Valenzuela M. Human induced rotation
and reorganization of the brain of domestic dogs. PLoS ONE. (2010)
5:e11946. doi: 10.1371/journal.pone.0011946

65. Sieber-Ruckstuhl NS, Burkhardt WA, Hofer-Inteeworn N, Riond B, Rast IT,
Hofmann-Lehmann R, et al. Cortisol response in healthy and diseased dogs after
stimulation with a depot formulation of synthetic ACTH. J Vet Intern Med. (2015)
29:1541–6. doi: 10.1111/jvim.13641

66. Zeng Z, Song Y, He X, Yang H, Yue F, Xiong M, et al. Obstructive sleep
apnea is associated with an increased prevalence of polycythemia in patients with
chronic obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis. (2022)
17:195–204. doi: 10.2147/COPD.S338824

67. Marrone O, Salvaggio A, Gioia M, Bonanno A, Profita M, Riccobono L,
et al. Reticulocytes in untreated obstructive sleep apnoea. Monaldi Arch Chest Dis.
(2008) 69:107–13. doi: 10.4081/monaldi.2008.387

68. Klein M, Kaestner L, Bogdanova AY, Minetti G, Rudloff S, Lundby C. Absence of
neocytolysis in humans returning from a 3-week high-altitude sojourn. Acta Physiol.
(2021) 232:e13647. doi: 10.1111/apha.13647

69. Salvagno GL, Sanchis-Gomar F, Picanza A, Lippi G. Red blood cell distribution
width: a simple parameter with multiple clinical applications. Crit Rev Clin Lab Sci.
(2015) 52:86–105. doi: 10.3109/10408363.2014.992064

70. Ycas JW. Toward a blood-borne biomarker of chronic hypoxemia: red
cell distribution width and respiratory disease. Adv Clin Chem. (2017) 82:105–
97. doi: 10.1016/bs.acc.2017.06.002

71. Swann JW, Sudunagunta S, Covey HL, English K, Hendricks A, Connolly DJ,
et al. Evaluation of red cell distribution width in dogs with pulmonary hypertension. J
Vet Cardiol. (2014) 16:227–35. doi: 10.1016/j.jvc.2014.08.003

72. Martinez C, Mooney CT, Shiel RE, Tang PK, Mooney L, O’neill EJ. Evaluation
of red blood cell distribution width in dogs with various illnesses. Can Vet J. (2019)
60:964–71.

73. Ludwik TM, Heinrich DA, Rendahl A, Friedenberg SG. Red cell distribution
width is a predictor of all-cause mortality in hospitalized dogs. J Vet Emerg Crit Care.
(2022) 32:9–17. doi: 10.1111/vec.13109

74. Demartino AW, Kim-Shapiro DB, Patel RP, Gladwin MT. Nitrite
and nitrate chemical biology and signalling. Br J Pharmacol. (2019)
176:228–45. doi: 10.1111/bph.14484

75. Romand JA, Pinsky MR, Firestone L, Zar HA, Lancaster JR. Jr. Inhaled nitric
oxide partially reverses hypoxic pulmonary vasoconstriction in the dog. J Appl Physiol.
(1985) 76:1350–5. doi: 10.1152/jappl.1994.76.3.1350

76. Chabot F, Schrijen F, Saunier C. Role of NO pathway, calcium and potassium
channels in the peripheral pulmonary vascular tone in dogs. Eur Respir J. (2001)
17:20–6. doi: 10.1183/09031936.01.17100200

77. Dang-Thi-Mai K, Le-Dong NN, Le-Thuong V, Tran-Van N, Duong-Quy
S. Exhaled nitric oxide as a surrogate marker for obstructive sleep apnea
severity grading: an in-hospital population study. Nat Sci Sleep. (2021) 13:763–
73. doi: 10.2147/NSS.S307012

78. Badran M, Golbidi S, Ayas N, Laher I. Nitric oxide bioavailability in obstructive
sleep apnea: interplay of asymmetric dimethylarginine and free radicals. Sleep Disord.
(2015) 2015:387801. doi: 10.1155/2015/387801

79. Badran M, Abuyassin B, Golbidi S, Ayas N, Laher I. uncoupling of vascular
nitric oxide synthase caused by intermittent hypoxia. Oxid Med Cell Longev. (2016)
2016:2354870. doi: 10.1155/2016/2354870

80. Murphy MP, Packer MA, Scarlett JL, Martin SW. Peroxynitrite:
a biologically significant oxidant. Gen Pharmacol. (1998) 31:179–
86. doi: 10.1016/S0306-3623(97)00418-7

81. Pooja, G.hosh, D., Bhargava, K., and Sethy, N.K. (2018). Post-
translational modifications of eNOS augment nitric oxide availability
and facilitates hypoxia adaptation in Ladakhi women. Nitric Oxide 78,
103–112. doi: 10.1016/j.niox.2018.06.003

82. Herrera EA, Farias JG, Ebensperger G, Reyes RV, Llanos AJ, Castillo RL, et al.
Pharmacological approaches in either intermittent or permanent hypoxia: a tale of two
exposures. Pharmacol Res. (2015) 101:94–101. doi: 10.1016/j.phrs.2015.07.011

83. Ge RL, Cai Q, Shen YY, San A, Ma L, Zhang Y. Draft genome sequence of the
Tibetan antelope. Nat Commun. (2013) 4:1858. doi: 10.1038/ncomms2860

84. Coulet F, Nadaud S, Agrapart M, Soubrier F. Identification of hypoxia-response
element in the human endothelial nitric-oxide synthase gene promoter. J Biol Chem.
(2003) 278:46230–40. doi: 10.1074/jbc.M305420200

85. Moesgaard SG, Holte AV, Mogensen T, Molbak J, Kristensen AT, Jensen
AL, et al. Effects of breed, gender, exercise and white-coat effect on markers of

endothelial function in dogs. Res Vet Sci. (2007) 82:409–15. doi: 10.1016/j.rvsc.2006.
09.003

86. Orru G, Storari M, Scano A, Piras V, Taibi R, Viscuso D, et al. Obstructive
Sleep Apnea, oxidative stress, inflammation and endothelial dysfunction-An overview
of predictive laboratory biomarkers. Eur Rev Med Pharmacol Sci. (2020) 24:6939–48.
doi: 10.26355/eurrev_202006_21685

87. Fitzpatrick, S. F., and King, A. D., O’donnell, C., Roche, H. M., and Ryan,
S. (2021). Mechanisms of intermittent hypoxia-mediated macrophage activation -
potential therapeutic targets for obstructive sleep apnoea. J Sleep Res 30,
e13202. doi: 10.1111/jsr.13202

88. Davis AK, Maney DL, Maerz JC. The use of leukocyte profiles to
measure stress in vertebrates: a review for ecologists. Funct Ecol. (2008) 22:760–
72. doi: 10.1111/j.1365-2435.2008.01467.x

89. Herbel J, Aurich J, Gautier C, Melchert M, Aurich C. Stress response
of beagle dogs to repeated short-distance road transport. Animals. (2020)
10. doi: 10.3390/ani10112114

90. Oyama J, Nagatomo D, Yoshioka G, Yamasaki A, Kodama K, Sato M, et al.
The relationship between neutrophil to lymphocyte ratio, endothelial function,
and severity in patients with obstructive sleep apnea. J Cardiol. (2016) 67:295–
302. doi: 10.1016/j.jjcc.2015.06.005

91. Hernansanz-Agustin P, Choya-Foces C, Carregal-Romero S, Ramos E, Oliva T,
Villa-Pina T. Na(+) controls hypoxic signalling by themitochondrial respiratory chain.
Nature. (2020) 586:287–91. doi: 10.1038/s41586-020-2551-y

92. Lavie L. Oxidative stress in obstructive sleep apnea and intermittent hypoxia–
revisited–the bad ugly and good: implications to the heart and brain. Sleep Med Rev.
(2015) 20:27–45. doi: 10.1016/j.smrv.2014.07.003

93. Lavie L, Dyugovskaya L, Polyakov A. Biology of peripheral blood cells in
obstructive sleep apnea–the tip of the iceberg. Arch Physiol Biochem. (2008) 114:244–
54. doi: 10.1080/13813450802306701

94. Erjavec V, Vovk T, Svete AN. Evaluation of oxidative stress parameters in dogs
with brachycephalic obstructive airway syndrome before and after surgery. J Vet Res.
(2021) 65:201–8. doi: 10.2478/jvetres-2021-0027

95. Christian JA, Rebar AH, Boon GD, Low PS. Senescence of canine
biotinylated erythrocytes: increased autologous immunoglobulin binding
occurs on erythrocytes aged in vivo for 104 to 110 days. Blood. (1993)
82:3469–73. doi: 10.1182/blood.V82.11.3469.bloodjournal82113469

96. Khalyfa A, Sanz-Rubio D. The mystery of red blood cells extracellular
vesicles in sleep apnea with metabolic dysfunction. Int J Mol Sci. (2021)
22. doi: 10.3390/ijms22094301

97. Kostova EB, Beuger BM, Klei TR, Halonen P, Lieftink C, Beijersbergen R,
et al. Identification of signalling cascades involved in red blood cell shrinkage and
vesiculation. Biosci Rep. (2015) 35:19. doi: 10.1042/BSR20150019

98. Fibach E. The redox balance and membrane shedding in
rbc production, maturation, and senescence. Front Physiol. (2021)
12:604738. doi: 10.3389/fphys.2021.604738

99. Huisjes R, Bogdanova A, Van SolingeWW, Schiffelers RM, Kaestner L, VanWijk
R, et al. Squeezing for life - properties of red blood cell deformability. Front Physiol.
(2018) 9:656. doi: 10.3389/fphys.2018.00656

100. Garcia-Arce M, Gow AG, Handel I, Ngoi W, Thomas E. Retrospective
evaluation of red blood cell distribution width as a prognostic factor in critically
ill dogs (December 2016 to April 2017): 127 cas. J Vet Emerg Crit Care. (2021)
2:167. doi: 10.1111/vec.13167

101. Lippi G, Mattiuzzi C, Cervellin G. Learning more and spending less
with neglected laboratory parameters: the paradigmatic case of red blood cell
distribution width. Acta Biomed. (2016) 87:323–8. Available online at: https://www.
mattioli1885journals.com/index.php/actabiomedica/article/view/5600

102. Garcia-Herreros A, Yeh YT, Peng Z, Del Alamo JC. Cyclic mechanical
stresses alter erythrocyte membrane composition and microstructure and trigger
macrophage phagocytosis. Adv Sci. (2022) 18:e2201481. doi: 10.1002/advs.
202201481

103. Levy P, Bonsignore MR, Eckel J. Sleep, sleep-disordered
breathing and metabolic consequences. Eur Respir J. (2009) 34:243–
60. doi: 10.1183/09031936.00166808

104. Aurora RN, Punjabi NM. Obstructive sleep apnoea and type 2
diabetes mellitus: a bidirectional association. Lancet Respir Med. (2013)
1:329–38. doi: 10.1016/S2213-2600(13)70039-0

105. Hughes D, Rozanski ER, Shofer FS, Laster LL, Drobatz KJ. Effect of sampling
site, repeated sampling, pH, and PCO2 on plasma lactate concentration in healthy dogs.
Am J Vet Res. (1999) 60:521–4.

106. Barros D, Garcia-Rio F. Obstructive sleep apnea and dyslipidemia: from animal
models to clinical evidence. Sleep. (2019) 42:236. doi: 10.1093/sleep/zsy236

107. Morin R, Goulet N, Mauger JF, Imbeault P. Physiological responses to hypoxia
on triglyceride levels. Front Physiol. (2021) 12:730935. doi: 10.3389/fphys.2021.730935
(accessed November 24, 2018).

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2023.1166032
https://doi.org/10.1111/jsap.12948
https://doi.org/10.1093/iob/obab023
https://doi.org/10.1371/journal.pone.0011946
https://doi.org/10.1111/jvim.13641
https://doi.org/10.2147/COPD.S338824
https://doi.org/10.4081/monaldi.2008.387
https://doi.org/10.1111/apha.13647
https://doi.org/10.3109/10408363.2014.992064
https://doi.org/10.1016/bs.acc.2017.06.002
https://doi.org/10.1016/j.jvc.2014.08.003
https://doi.org/10.1111/vec.13109
https://doi.org/10.1111/bph.14484
https://doi.org/10.1152/jappl.1994.76.3.1350
https://doi.org/10.1183/09031936.01.17100200
https://doi.org/10.2147/NSS.S307012
https://doi.org/10.1155/2015/387801
https://doi.org/10.1155/2016/2354870
https://doi.org/10.1016/S0306-3623(97)00418-7
https://doi.org/10.1016/j.niox.2018.06.003
https://doi.org/10.1016/j.phrs.2015.07.011
https://doi.org/10.1038/ncomms2860
https://doi.org/10.1074/jbc.M305420200
https://doi.org/10.1016/j.rvsc.2006.09.003
https://doi.org/10.26355/eurrev_202006_21685
https://doi.org/10.1111/jsr.13202
https://doi.org/10.1111/j.1365-2435.2008.01467.x
https://doi.org/10.3390/ani10112114
https://doi.org/10.1016/j.jjcc.2015.06.005
https://doi.org/10.1038/s41586-020-2551-y
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1080/13813450802306701
https://doi.org/10.2478/jvetres-2021-0027
https://doi.org/10.1182/blood.V82.11.3469.bloodjournal82113469
https://doi.org/10.3390/ijms22094301
https://doi.org/10.1042/BSR20150019
https://doi.org/10.3389/fphys.2021.604738
https://doi.org/10.3389/fphys.2018.00656
https://doi.org/10.1111/vec.13167
https://www.mattioli1885journals.com/index.php/actabiomedica/article/view/5600
https://www.mattioli1885journals.com/index.php/actabiomedica/article/view/5600
https://doi.org/10.1002/advs.202201481
https://doi.org/10.1183/09031936.00166808
https://doi.org/10.1016/S2213-2600(13)70039-0
https://doi.org/10.1093/sleep/zsy236
https://doi.org/10.3389/fphys.2021.730935
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Differences in selected blood parameters between brachycephalic and non-brachycephalic dogs
	1. Introduction
	2. Materials and methods
	2.1. Study cohorts of non-brachycephalic and brachycephalic dogs
	2.2. Blood biochemistry and hematology analyses
	2.3. CO-oximetry
	2.4. Ektacytometry
	2.5. Detection of membrane loss and intracellular reduced thiols in canine RBCs by flow cytometry 
	2.6. Intracellular GSH and GSSG measurements 
	2.7. Detection of NO2- and NO3- in plasma 
	2.8. Shipment simulation study
	2.9. Statistics

	3. Results
	3.1. Study participants' characteristics
	3.2. Hypoxic markers, RBC production, and turnover markers
	3.3. Red blood cell membrane stability and hydration
	3.4. RBC redox state and inflammatory and stress markers
	3.5. Metabolic changes 
	3.6. Outcome of the simulated transportation study (part II)

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


