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ABSTRACT. We developed an analytical method using an on-line column-switching liquid
chromatography with triple quadrupole mass spectrometry (LC/MS/MS) for quantifying

multiple steroids in serum. Using the developed method, we evaluated the serum concentration
of nine steroids (cortisol, corticosterone, cortisone, 11-deoxycortisol, 21-deoxycortisol,
deoxycorticosterone, progesterone, 17a-OH-progesterone and aldosterone) in dogs with
hyperadrenocorticism (HAC). Serum was mixed with stable isotope internal standards and
thereafter purified by the automated column-switching system. The limit of detection ranged
2-16 pg/ml for nine steroids. In the baseline samples, five steroids (cortisol, corticosterone,
cortisone, 11-deoxycortisol, and 17a-OH-progesterone) were detected in all dogs. The
concentrations of cortisone, 11-deoxycortisol, and 17a-OH-progesterone in dogs with HAC (n=19)
were significantly higher those in dogs without HAC (n=15, P<0.02). After the adrenocorticotropic
hormone stimulation test, six steroids (cortisol, corticosterone, cortisone, 11-deoxycortisol,
17a-OH-progesterone, and deoxycorticosterone) were above the limit of quantification in all dogs.
J. Vet. Med. Sci. Cortisol, corticosterone, cortisone, and deoxycorticosterone concentrations of dogs with HAC
83(11): 1634-1642, 2021 were significantly higher than those of dogs without HAC (P<0.02). In addition, 11-deoxycortisol
and 17a-OH-progesterone concentration was higher in dogs with HAC than in dogs without HAC
(P=0.044 and P=0.048, respectively). The on-line column-switching LC/MS/MS would be feasible
for measuring multiple steroids in dog serum. The results suggest that cortisone, 11-deoxycortisol,
and 17a-OH-progesterone would be related to HAC. Further studies are warranted to assess the
clinical feasibility of steroid profile in dogs with HAC.
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Hyperadrenocorticism (HAC), also known as Cushing’s syndrome, is a common endocrine disorder in dogs [21].
Hyperadrenocorticism is suspected when clinical signs such as polyuria and polyphagia are consistent with the disease [3]. Results
of a complete blood count, biochemistry, blood pressure, urinary analysis, and abdominal imaging may aid to diagnose HAC.
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Measurement of serum cortisol concentration in adrenal function tests such as low dose dexamethasone suppression test (LDDST)
and adrenocorticotropic hormone stimulation tests (ACTH-ST) may confirm the diagnosis. Diagnosis of HAC has remained
challenging because the results of adrenal function tests are sometimes false-positive and false-negative [5]. Non-adrenal illnesses
(NAIs) may affect adrenocortical function, for example [5].

Cortisol is the main adrenal glucocorticoid hormone in dogs. Several precursors and other hormones are in the biosynthesis
pathway of steroids (Fig. 1). It is of clinical interest whether the measurement of other adrenocortical hormone concentrations is
useful for diagnosis of HAC. Previous studies investigated the serum concentrations of several adrenocortical hormones including
cortisol, aldosterone, 17a-OH-progesterone, progesterone, and dehydroepiandrosterone-sulfate (DHEAS) in healthy dogs and dogs
with HAC [9, 12, 20, 29]. It is suggested that serum 17a-OH-progesterone concentration has potential for diagnosing HAC when
serum cortisol concentration suggests equivocal adrenal function [2, 4, 6, 23]. Multiple adrenocortical hormones measurements
have been commonly conducted using radioimmunoassay validated for use in dogs [10]. Radioimmunoassay, as well as other
immunoassay, is convenient for the clinical use and has high detection sensitivity. Meanwhile, the major limitation of immunoassay
is lack of the specificity due to cross reactivity with structurally similar compounds [16]. Liquid chromatography with triple
quadrupole mass spectrometry (LC/MS/MS) has become more popular in simultaneous measurement of adrenocortical hormones
and their metabolites [11, 18, 26]. Within LC/MS/MS, each hormone is characterized by the retention time on a chromatographic
column, the mass to charge ratio (m/z) of each precursor ion, and specific fragment ions (product ions). Therefore, one advantage
of a LC/MS/MS-based method is to measure multiple adrenocortical hormones and metabolites in a single run with high specificity.
A few researches assessed steroid profiles in pregnant dogs [14], in dogs with X-linked muscular dystrophy [19], and in dogs
with gallbladder mucocele [1] using LC/MS/MS techniques. Since the physiological concentrations of some adrenocortical
hormones are relatively low, extraction and derivatization of targeted hormones are needed to achieve a better assay sensitivity
[1, 14, 19]. The extraction and/or derivatization steps before LC/MS/MS analysis are cumbersome and time-consuming. In the
past decades, extensive efforts have been conducted to develop higher throughput and simpler sample preparation methods in
steroid measurements by LC/MS/MS [28]. A column-switching technique is a two-column approach for separating analytes to
increase selectivity and sensitivity of assay [13]. Samples are loaded on a first column and are eluted directly onto a second column
for analysis in the column-switching method. Column-switching LC/MS/MS has been utilized for the detection of drugs and
metabolites in plasma and urine [17, 32, 33]. Herein we developed and validated a simple analytical method using an automated
column-switching LC/MS/MS for measuring multiple steroids in serum. We measured nine steroids (cortisol, corticosterone,
cortisone, 11-deoxycortisol, 21-deoxycortisol, deoxycorticosterone, progesterone, 17a-OH-progesterone and aldosterone) in dogs
with HAC and dogs without HAC to assess the impact of HAC on steroid profiling.

MATERIALS AND METHODS

Chemicals and reagents

Analytical grade of reagents including acetonitrile, methanol, formic acid, ammonium fluoride, and double distilled water
(DDW) were purchased from Kanto Chemical Co., Ltd. (Tokyo, Japan). Standard (STD) and stable isotope labeled internal
standard (IS) solutions of nine steroids (cortisol, corticosterone, cortisone, 11-deoxycortisol, 21-deoxycortisol, deoxycorticosterone,
progesterone, 17a-OH-progesterone and aldosterone) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Fig. 1. Biosynthesis pathway of steroids. CYP17, 17a-hydroxylase; HSD3B, 33-hydroxysteroid dehydrogenase;
CYP21, 21-hydroxylase; CYB11B1, 11B-hydroxylase; HSD11B1, 11-hydroxysteroid dehydrogenase type 1;
HSD11B2, 11B-hydroxysteroid dehydrogenase type 2.
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Standards solutions

Stock solutions of all STDs and ISs were prepared at the concentration of 1 pg/ml in acetonitrile. The stock solutions of STD
were mixed and diluted by acetonitrile to a working solution with the final concentration of 100 ng/ml. For a working solution of
IS, stock solutions were mixed and diluted by acetonitrile. The final concentration of each IS in the IS working solution is shown in
Supplementary Table 1.

Sample preparation

For protein precipitation, 50 pl of serum were mixed with 30 pl of the IS working solution and 170 pl of 1% formic acid in
acetonitrile. The mixture was centrifuged at 10,000 x g for 10 min at 25°C. Thereafter, 100 pl of supernatant were applied to a
Mono-Spin column (MonoSpin® Phospholipid, GL Sciences Co., Ltd., Tokyo, Japan) that was conditioned with 1% formic acid in
acetonitrile. The spin column was then centrifuged at 2,000 x g for 1 min for removing phospholipids in the sample. The elution
was mixed with 100 pl of 0.1% formic acid in DDW and was applied to the LC/MS/MS equipment.

LC/MS/MS analysis with column switching online purification system

The online column-switching LC/MS/MS was equipped by an Agilent 6495B Triple Quadrupole LC/MS (Agilent Technologies,
Santa Clara, CA, USA) with an electrospray ionization (ESI) interface. The online column-switching system consisted of two
binary pumps (1260 Infinity II, Agilent Technologies), a two position ten port switching valve (G4232B, Agilent Technologies), a
trap column (Unison UK-C1 HT, ¢3 pm, 10 x 4.6 mm, Imtakt, Kyoto, Japan), and an analytical column (Kinetex® Biphenyl, ¢1.7
pm, 100 x 2.1 mm, Phenomenex Inc., Torrance, CA, USA) (Fig. 2). The procedures for automated extraction of nine steroids from
serum involved three phases (Supplementary Table 2). During the first phase (0—0.5 min), the ten-port valve was at position 1>2,
and 30 pl of sample were injected onto the trap column by the binary pump 1 with 90% DDW: 10% methanol at flow rate of 0.8
ml/min. During the second phase (0.5—10 min), the ten-port valve was switched to position 1>10, and steroids that retained on the
trap column were eluted by the binary pump 2 with 50% ammonium fluoride in DDW: 50% ammonium fluoride in methanol at
the flow rate 0.4 ml/min. Washing and equilibration of the trap column were also performed with 90% DDW: 10% methanol in the
second phase. During the third phase (1012 min), the valve was switch to position 1>2, and the analytical column was regenerated
and equilibrated with 5% ammonium fluoride in DDW: 95% ammonium fluoride in methanol at the flow rate 0.4 ml/min.

The mass spectrometer was equipped in the positive ion mode. The target steroids were ionized by the ESI interface. The
sheath gas temperature and flow rate were 350°C and 12 I/min respectively. The drying gas temperature, drying gas flow rate, and
nebulizer pressure were set at 250°C, 14 1/min and 40 psi, respectively. The capillary voltage was set at 3500 V for the positive
detection mode. The ion signals were acquired with multiple-reaction monitoring in the positive ionization mode. The selected m/z
ions for nine steroids and their stable isotope labeled ISs are listed in Supplementary Table 3. The mass spectrometry operating
conditions were set in accordance with the manufacturer’s instructions and the data acquisition and processing were conducted
using the MassHunter® Workstation software (Agilent Technologies).

Assay performance

Quality control samples were prepared from pooled serum. Serum were collected from six intact female beagle dogs owned by
the Animal Facility of Graduate School of Veterinary Medicine, Hokkaido University. The animal experiment was approved by the

analytical
column

analytical
column

column column

Position 1 >2 Position 1 > 10

Fig. 2. Schematic illustration of the on-line column-switching system. At the position 1>2 (0-0.5 min), samples at the auto-sampler
were injected onto the trap column via the port #1 and #2. At the position 1>10 (0.5-10 min), steroids which retained on the trap col-
umn were eluted by the 2nd binary pump and were transferred to the analytical column via the port #2 and #3. MS, mass spectrometer.
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Experimental Animals Committee of Hokkaido University (No. 18-0142). Six dogs were defined healthy based on history, physical
examination, complete blood count, blood biochemistry, urinary analysis, and abdominal sonography. The median age of dogs was
2.5 years (range 1-5 years), and the median body weight was 9.8 kg (range 9.4—11.5 kg).

Calibration curve was obtained in seven different measurements for evaluating linearity, the limit of detection (LOD), limit of
quantification (LOQ). Calibration standards of each STDs were prepared at nine concentrations (0.001, 0.005, 0.01, 0.05, 0.1, 0.5,
1, 5, 10 ng/ml) and mixed with the IS working solution. Calibration curves were obtained using the STD/IS peak area ratios versus
STD/IS concentration ratios. Square of correlation coefficient (R2), slope, and intercept of each calibration curve were calculated.
The limit of detection (LOD) and LOQ were calculated using the following formula respectively:

LOD (pg/ml)=(standard deviation of intercept)/ (average of slope) x 3.3

LOQ (pg/ml)=LOD x 3

Removal and corrected recovery were calculated for assessing the method accuracy using the following formulae:

removal (%)=(peak area of IS in serum)/ (peak area of IS in DDW) x 100

recovery (%)=(peak area of IS in serum)/ (average peak area of IS in calibration standards) x 100

matrix effect (%)=(peak area of analyte in serum spiked with STD — peak area of analyte in serum)/ (peak area of STD in DDW) % 100

corrected recovery (%)=recovery / matrix effect x 100

Patients

Serum obtained from 19 dogs with HAC and 15 dogs without HAC were retrospectively analyzed using the developed method.
Since the ACTH stimulation test was performed in all dogs, 68 serum samples were used for this study. Dogs were represented to
the Hokkaido University Veterinary Teaching Hospital during May 2013 to October 2020. Written informed consent was signed
by all owners before blood collection. Serum was used for the measurement of cortisol concentration by an in-house ELISA kit
(IDEXX SNAPshot Dx Cortisol Test, IDEXX Laboratories, Westbrook, ME, USA). Thereafter, serum was stored at —80°C until the
LC/MS/MS measurement.

The criteria of HAC were

* with one or more clinical signs that suggest HAC,

+ and the results of ACTH-ST or LDDST (3 dogs) were consistent with HAC,

+ and the clinical signs were improved by the trilostane treatment.

The population of 19 dogs with HAC consisted of 8 Miniature Dachshunds, 2 Yorkshire Terriers, 2 West Highland White
Terriers, 2 Pembroke Welsh Corgis, 1 Pomeranian, 1 Toy Poodle, 1 Cocker Spaniel, and 1 Brussels Griffon. There were 9 neutered
males, 10 females (3 intact, 7 spayed). The median age was 11 years (range, 8—16 years) and the median body weight was 7 kg
(range, 1.98-13.7 kg).

Dogs without HAC were patients in whom HAC was excluded based on adrenal function tests (ACTH-ST in 15 dogs and
LDDST in 2 dogs) and response to treatments for other diseases. The final diagnoses were hepatocellular carcinoma in four dogs,
malassezia dermatitis in two dogs, and one dog each of myxomatous mitral valve disease, food responsive diarrhea, hepatic nodular
hyperplasia, parathyroid gland adenoma, pulmonary thromboembolism, bronchiectasis, pancreatitis, megaesophagus, and incidental
adrenal gland mass. There were 3 Shiba Inus, 2 Pugs, 2 Chihuahuas, 1 Bulldog, 1 Miniature Dachshund, 1 Siberian Husky, 1 Toy
Poodle, 1 Shih Tzu, 1 Dalmatian, and 1 mixed breed dog. Nine were males (2 intact, 7 neutered) and six were females (5 intact, 1
spayed). The median age was 12 years (range, 4—14 years) and the median body wight was 8.24 kg (range, 3.28-27 kg). There was
not statistically significant difference in age or body weight between HAC dogs and dogs without HAC.

Method comparison

Serum cortisol concentration by the LC/MS/MS method was compared with that measured by the ELISA method. Because cortisol
concentration in 8 of 68 serum samples was above the detection limit of the ELISA method (i.e., >30 pg/dl), cortisol concentrations
of 60 samples were used for the comparison. Bland-Altman analysis was used to assess the agreement of two methods.

Statistical analysis

Statistical analyses were performed with a commercial software (JMP Pro version 14.0, SAS Institute Inc., Cary, NC, USA).
Differences between HAC and non-HAC dogs were assessed using Wilcoxon rank sum test. Correlation of serum cortisol
concentration between the in-house ELISA method and the LC/MS/MS method was determined by Pearson correlation test ().
A P-value below 0.05 was considered statistically significant.

RESULTS

Method validation

Calibration curves were prepared at the concentration of 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 ng/ml with every
measurement. Square of correlation coefficient (R?) was above 0.999 for each calibration curve of all hormones. Table 1 shows the
LOD, LOQ, removal, and corrected recovery of each steroid. The LOD ranged 2—16 pg/ml for all steroids, and thus the LOQ was
between 5 and 50 pg/ml. Corrected recoveries were above 68.9% for all steroids except for 21-deoxycortisol (53%).
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Table 1. The limit of detection, limit of quantification, removal, and corrected recovery of each steroid
LOD LOQ Removal (%) Corrected recovery (%)
(pg/ml) (pg/ml) Average CV (%) Average CV (%)
Cortisol 5 16 106.1 £ 8.5 8.1 749+ 3.9 5.3
Corticosterone 12 36 108.3 £10.2 9.4 753+34 4.5
Cortisone 4 13 108.5+6.3 5.8 78.8+3.0 3.8
11-deoxycortisol 7 22 106.5+10.2 9.6 70.5+4.8 6.8
21-deoxycortisol 16 50 111.0+ 14.0 12.0 532+8.5 16.0
Deoxycorticosterone 12 36 111.1£9.2 8.2 76.1+3.2 4.2
Progesterone 2 7 108.9+£4.1 3.7 69.5+1.6 2.4
170-OH-progesterone 2 5 107.8 +£10.9 10.1 68.9+5.6 8.1
Aldosterone 9 28 110.2 + 14.0 13.0 74.0+0.8 1.1
LOD: Limit of detection, LOQ: Limit of quantification, CV: Coefficient variation.
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Fig. 3. Serum concentration of nine steroids in baseline sample. Cortisone, 11-deoxycortisol, and 17a-OH-progesterone concentration in
hyperadrenocorticism (HAC) dogs (n=19) was higher than in dogs without HAC (n=15). Bars, the median concentration in each group.

Application the method to clinical samples

The concentrations of cortisol, corticosterone, cortisone, 11-deoxycortisol, and 170-OH-progesterone were above the LOQ in the
baseline samples of all dogs. Serum progesterone concentration was detected in only 3 of 19 HAC dogs and 2 of 15 dogs without
HAC, respectively. In the baseline samples, 21-deoxycortisol was not detected in all dogs. Serum aldosterone was measurable in
14 of 19 HAC dogs and 9 of 15 dogs without HAC. Figure 3 shows the concentrations of nine steroids in the baseline samples.
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The median cortisone concentration of dogs with HAC (9.22 ng/ml, range 5.50—17.67) was significantly higher than that of dogs
without HAC (7.54 ng/ml, range 3.06-15.27, P=0.015). In dogs with HAC, the median 11-deoxycortisol concentration was 4.42

ng/ml (range 1.79-33.69) and was significantly higher than in dogs without HAC (1.9 ng/ml, range 0.31-15.21, P=0.02). In

addition, 170-OH-progesterone concentration of dogs with HAC (median 0.94 ng/ml, range 0.33—11.33) was significantly higher
than that of dogs without HAC (median 0.24 ng/ml, range 0.06—15.69, P=0.018). However, the median cortisol concentration of
dogs with HAC was 4.5 pg/dl (range 1.48—10.1) and was not significantly different from that of dogs without HAC (2.54 pg/dl,
range 0.46—7.68, P=0.09).
In addition to five steroids that were present in all dogs before the ACTH stimulation, deoxycorticosterone concentration was

above the LOQ in post-ACTH serum of all dogs. Progesterone concentration was quantified in 15 of 19 HAC dogs and 10 of

15 dogs without HAC after the ACTH stimulation. Although 21-deoxycortisol was present in some dogs (8 of 19 HAC and 2 of
15 dogs without HAC), the detection rate was lower than 50% after the ACTH administration. Serum aldosterone concentration
was above the LOQ in 17 of 19 HAC dogs and 13 of 15 dogs without HAC. Cortisol concentration (median 12.52 pg/dl, range

9.52-29.42), corticosterone concentration (median 30.75 pg/dl, range 15.36—123.03), cortisone concentration (median 11.78 ng/

ml, range 7.39-22.71), and deoxycorticosterone concentration (median 1.54 ng/ml, range 0.35-5.16) of dogs with HAC were

significantly higher than those of dogs without HAC (median 6.56 pg/dl, range 2.59-12.69, P<0.0001; median 18.22 ng/dl, range
6.48-32.94, P<0.001; median 8.82 ng/ml, range 4.28-15.12, P=0.01; median 0.74 ng/ml, range 0.09-3.71, P=0.02), respectively
(Fig. 4). The median concentration of 11-deoxycortisol was 22.51 ng/ml (range 7.19—332.17) and that of 17a-OH-progesterone was
3.42 ng/ml (range 1.29-11.87) in dogs with HAC, while they were 15.41 ng/ml (range 2.02-96.35, P=0.044) and 2.21 ng/ml (range

0.28-22.03, P=0.048) in dogs without HAC, respectively.
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Fig. 4. Serum concentration of nine steroids after the adrenocorticotropic hormone (ACTH) stimulation. Cortisol, Corticosterone,
Cortisone, 11-deoxycortisol, deoxycorticosterone, and 17a-OH-progesterone concentration in hyperadrenocorticism (HAC) dogs
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(n=19) was higher than in dogs without HAC (n=15). Bars, the median concentration in each group.
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Fig. 5. Method comparison. (A) Correlation of the two methods (n=60). Significant correlation was observed between the methods.
(B) Bland-Altman plot of cortisol (n=60). The solid line is the mean difference, and the dot lines are 95% limit of agreement. LC/
MS/MS, liquid chromatography with triple quadrupole mass spectrometry.

Method comparison

Figure 5A shows the correlation of serum cortisol concentration in 60 samples measured by both the ELISA and LC/MS/MS
methods. Significant correlation was observed between the ELISA and LC/MS/MS methods (+=0.74, P<0.0001). Bland-Altman
plot shows that most differences (52/60) are above the line of equality (zero) and that the difference increases as the mean
concentration increases (Fig. 5B).

DISCUSSION

We developed a simple analytical method for quantification of multiple steroids in dog serum. The pre-treatment steps in this
study were protein precipitation and removal of phospholipids by centrifugation, followed by the programed solid phase extraction
(SPE) on the trap and analytical columns. The trap column (Unison UK-C1) is superior to the conventional reversed phase
columns in separating hydrophilic compounds under formic acid conditions with the high flow pressure. The analytical column
(Biphenyl) has high selectivity for aromatic compounds and allows better separation of isomers and analogs. The combination
of the two columns in the on-line column switching system might contribute to high-resolution peak separation of nine steroids
in serum. Both the LOD and LOQ of our method were comparable with previous studies using manually SPE on single column
[14, 19] and derivatization [1]. In addition, good corrected recoveries (68.9—78.8%) [8, 15] were obtained for all steroids except
21-deoxycortisol. Although the corrected recovery of 21-deoxycortisol was low (50%), the sensitivity (LOD=16 pg/ml) and the
accuracy (removal 110 + 14%) were comparable with those in the previous study [8]. The results of this study suggest that the
on-line column switching LC/MS/MS method is feasible for measuring multiple steroids in dog serum.

Serum progesterone and 21-deoxycortisol concentration were below the LOQ in many dogs. Sanders et al. [24] reported
that the high expression level of CYP17 in the zona fasciculata of canine adrenal glands and suggested that the zone-specific
CYP17 expression contributed to the zone-specific cortisol production. It may be likely that progesterone is rapidly converted to
17a-OH-progesterone and thus the serum progesterone concentration may not be enough high to be detected in the physiological
condition of nonpregnant dogs. A previous study showed that the serum 21-deoxycortisol concentration ranged in the order of
pmol/l [27]. The LOQ of 21-deoxycortisol in this study was 16 pg/ml, which corresponded to 3 pmol/l. It may be necessary for the
development of LC/MS/MS methods to improve the sensitivity of quantifying the serum 21-deoxycortisol concentration in dogs.
However, 21-deoxycortisol may not be more useful than other steroids in veterinary medicine. Measurement of 21-deoxycortisol
is used for the diagnosis of congenital adrenal hyperplasia due to CYP21 deficiency in human medicine [8]. To our knowledge,
mutations in CYP2] have not been reported in dogs [30, 34]. Three steroids (17a-OH-progesterone, 11-deoxycortisol, and
cortisone) in the baseline samples and six steroids (cortisone, cortisol, corticosterone, 17a-OH-progesterone, deoxycorticosterone
and 11-deoxycortisol) in the post-ACTH samples were higher in dogs with HAC than in dogs without HAC, although there
were considerable overlaps of the concentrations between the two groups. The previous study using RIA assay reported that
high concentration of both 17a-OH-progesterone and 11-deoxycortisol in HAC dogs [27]. It may be possible that 170-OH-
progesterone, 11-deoxycortisol, and cortisone contribute to the clinicopathology of HAC. Serum 11-deoxycorisol concentration
is a possible biomarker for human adrenocortical cancer [25, 31]. Plasma concentration of 11-deoxycortiol, 21-deoxycortisol,
deoxycorticosterone, corticosterone and cortisol increased in human Cushing syndrome [7], though steroid profile of human
Cushing syndrome has not been fully understood [22].

Comparison of the methods showed the considerable discrepancy between the in-house ELISA and our LC/MS/MS method
for cortisol quantification. The ELISA method had proportional and fixed biases and tended to show higher cortisol concentration
compared with our LC/MS/MS method. The discrepancy in the cortisol concentrations was consistent with the previous report [14].

J. Vet. Med. Sci. 83(11): 1634-1642, 2021 1640



The Journal of

Veterinary

Medical

Science STEROID PROFILE USING LC/MS/MS

Higher cortisol concentration in the ELISA method may be due to the cross-reactivity of other steroids or endogenous compounds.
It is obscure whether drugs (except prednisolone) and endogenous compounds interact with the particular ELISA assay according
to the manufacturer. The ACVIM consensus suggests that cortisol concentrations vary among assay and thus does not recommend
any particular assay for cortisol [3]. The LC/MS/MS method in this study could be a reliable tool for quantifying cortisol in clinical
samples because our method specifically measured cortisol as well as other steroids with relatively simple preparation of the
samples.

The diagnostic feasibility of steroid profiling by LC/MS/MS was not elucidated in the current study. As HAC dogs of this
study had significant higher post-ACTH cortisol concentration than dogs without HAC, it is unclear whether the measurements of
precursors and metabolites have potential for diagnosing canine HAC. It must be noted that assessment of the clinical feasibility of
steroid profile is not the primary objective of this study, but that we intend to illustrate in this study that the developed method used
here can be useful for characterizing steroid profile in HAC dogs. Some HAC dogs might be classify as dogs without HAC due
to the low sensitivity of the ACTH-ST [5]. Even though HAC was excluded by the response to treatments for other diseases, the
LDDST was performed in only three dogs with HAC and two dogs without HAC. More in-depth studies with appropriate control
groups including healthy dogs should assess the feasibility of steroid profile for diagnosing HAC in dogs.

In conclusion, we developed the on-line column switching LC/MS/MS method with simple preparation and high accuracy
for quantifying multiple steroids in serum. In addition to cortisol, three steroids (17a-OH-progesterone, 11-deoxycortisol, and
cortisone) were suggested to be related to HAC. Future studies would evaluate the diagnostic feasibility of steroid profile by the
LC/MS/MS measurement.
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