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Abstract

Background: The frequency with which multiple corticosteroid abnormalities occur

in cats with aldosterone secreting adrenocortical tumors is unknown.

Objectives: To evaluate adrenal-derived corticosteroids in cats in which blood sam-

ples were submitted for measure of aldosterone.

Animals: Two hundred ninety-seven cats.

Methods: Retrospective study. Analysis of a convenience sample of previously sub-

mitted serum or plasma. Progesterone, corticosterone, and cortisol were measured in

feline serum or plasma samples submitted to an endocrinology laboratory for aldoste-

rone measurements. Demographics and clinical history were retrieved from submittal

forms when provided. Statistical testing was performed to investigate associations

among the adrenal corticosteroids.

Results: Progesterone and corticosterone concentrations were strongly correlated

(ρ = 0.74; P < .001). Progesterone (median, 5 nmol/L; interquartile range, 3-10 nmol/

L) and corticosterone (113 nmol/L, 38-250 nmol/L) in cats with markedly increased

aldosterone concentrations (≥3000 pmol/L) were higher than progesterone (1 nmol/

L, 1-2 nmol/L) and corticosterone (12 nmol/L, 3-25 nmol/L) in cats with normal aldo-

sterone concentrations (P < .001 for both comparisons). Progesterone concentrations

≥10 nmol/L (normal, ≤2 nmol//L) occurred in 24 of 76 (32%) cats with aldosterone

concentrations ≥3000 pmol/L. Cortisol was lower in cats with aldosterone concen-

trations ≥3000 pmol/L as compared to those with aldosterone concentrations

<500 pmol/L (59 nmol/L, 27-103 nmol/L vs 103 nmol/L, 49-182 nmol/L; P = .002).

Conclusions and Clinical Importance: Multiple corticosteroid abnormalities occur in a

subset of cats with hyperaldosteronism. The magnitude of increases in progesterone and

corticosterone in some cats with hyperaldosteronism is likely to be clinically relevant.
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1 | INTRODUCTION

Primary hyperaldosteronism (PHA) is an increasingly recognized dis-

ease in older cats that is often caused by functional adrenocortical

neoplasia.1-3 Aldosterone is the main mineralocorticoid produced by

the zona glomerulosa cells of the adrenal cortex, and it is involved in

critical processes such as regulation of blood pressure, electrolytes,

acid-base status, and intravascular fluid volume.1,2 The consequences

of PHA include sodium retention and potassium wasting which com-

monly manifest as hypertension and polymyopathy, respectively.1-4

Polymyopathy-induced weakness, lethargy, and cervical ventroflexion

and hypertension-induced retinopathy and kidney disease are com-

mon in affected cats.1-6 The exact prevalence of PHA is unknown, but

clinical and biochemical similarities with chronic kidney disease likely

lead to misdiagnosis and under-recognition in cats.1,2,4,5

Most reports of functional adrenal tumors causing PHA have docu-

mented moderate to marked increases in circulating aldosterone concen-

trations, but other hormones are not typically measured.1,3,5 Various

intermediates such as progesterone and corticosterone are produced in

the normal mineralocorticoid synthesis pathway, and these hormones

might also be affected in cases of adrenocortical neoplasia.2 Indeed, con-

current increases in other adrenal steroid hormones, namely progesterone,

occasionally occur in cats with aldosterone secreting adrenal tumors.7-11

The increases in these other adrenal corticosteroids are of sufficient mag-

nitude to result in clinical consequences beyond just those of aldosterone

excess, which includes insulin resistance, hypothalamic-pituitary-adrenal

axis suppression, and various dermatologic abnormalities.7-11

The frequency with which hyperprogesteronism and other steroid

abnormalities occur in cats with PHA is unknown, but our observa-

tions at Michigan State University College of Veterinary Medicine

suggest that additional corticosteroid abnormalities occur more fre-

quently in cases of PHA than previously recognized. The objectives of

this study were to investigate potential abnormalities and associations

of adrenal corticosteroids, including progesterone, corticosterone, and

cortisol, in cats undergoing measurement of baseline aldosterone con-

centrations. We hypothesized that these hormones would be altered

in cats with hyperaldosteronism.

2 | MATERIALS AND METHODS

2.1 | Laboratory samples

Serum and plasma samples from cats with clinical or biochemical evidence

of PHA are submitted routinely to the endocrinology section of the

Michigan State University Veterinary Diagnostic Laboratory for measure-

ment of baseline aldosterone concentrations. Other hormone measure-

ments typically are not requested by submitting clinicians. In the years

2009 and 2011, progesterone, corticosterone, and cortisol concentrations

were measured in feline serum or plasma samples in which measurements

of baseline aldosterone concentrations had been requested by the submit-

ting veterinarian. These hormones were selected because suppressed cor-

tisol concentrations had been observed in 2 cats with mixed clinical signs

of glucocorticoid and mineralocorticoid excess, progesterone and cortico-

sterone are in close proximity in the mineralocorticoid pathway, and all

3 hormones are potentially diabetogenic.2,7,8 Submitted samples from the

years 2009 and 2011 were included in the study provided there was suffi-

cient serum or plasma volume available after the aldosterone assay was

performed. There were no inclusion or exclusion criteria related to demo-

graphics, history, or clinical data. General demographic information and

available clinical information were retrieved from the submittal forms.

2.2 | Corticosteroid assays

All samples for measurement of aldosterone and other adrenal corti-

costeroid concentrations were analyzed at the Michigan State Univer-

sity Veterinary Diagnostic Laboratory, which is an American

TABLE 1 Characteristics of 297 cats
with laboratory submissions for
measurement of serum or plasma
aldosterone concentration

Aldosterone concentrations (pmol/L)

P value<500 500–999 1000–2999 ≥3000

Age in years 13; 9–15
n = 88

13; 10.5-14

n = 57

13; 9.5-16

n = 69

12; 10-14.3

n = 73

.99

Sex (female/male) 42%/58%

n = 90

47%/53%

n = 55

34%/66%

n = 65

48%/52%

n = 76

.36

History available 40%

37 of 92

36%

21 of 58

45%

32 of 71

42%

32 of 76

.77

Testing for PHA 89%

33 of 37

90%

19 of 21

94%

30 of 32

97%

31 of 32

.64

Note: Values for age represent the median and IQR whereas values for sex represent the percentage of

cats that were female and male, respectively. History available represents the percentage of cases in

which any amount of clinical history was provided. Testing for primary hyperaldosteronism (PHA) was

the percentage of cases with available clinical history in which the history was consistent with testing for

a possible diagnosis of PHA. These historical abnormalities included hypokalemia, hypernatremia,

hypertension, generalized weakness, and the presence of an adrenal mass, alone or in combination.

Sample size is provided in each cell because the specified clinical information was not provided on all

submissions. None of the characteristics were statistically different between groups as assessed by

Kruskal-Wallis testing (age) or χ2 testing (sex, history, and testing for PHA).
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Association of Veterinary Laboratory Diagnosticians accredited labo-

ratory. Aldosterone concentrations were measured at the time the

submission was received by the laboratory. Any excess serum or

plasma was frozen at �20�C, and the additional corticosteroids were

measured in batch analyses. Descriptions of the radioimmunoassay

kits used for measurements of aldosterone, progesterone, corticoste-

rone, and cortisol (Coat-a-Count, Siemens Medical Solutions Diagnos-

tics, Los Angeles, California) in this study are available in

Supplemental Appendix S1.

2.3 | Data and statistical analysis

Descriptive statistics were used to summarize demographics and hor-

mone concentration data. Data were reported as medians and inter-

quartile ranges (IQR) because they were not normally distributed as

assessed by Shapiro-Wilk testing and boxplot analysis. For statistical

analyses, cases were grouped into 4 categories based on aldosterone

concentrations. The first grouping consisted of cats with aldosterone

concentrations <500 pmol/L (normal to mild increases) as the upper-

end of normal for baseline aldosterone concentrations is reported to be

approximately 400-500 pmol/L across multiple studies.1,3,7,8 The sec-

ond grouping consisted of cats with aldosterone concentrations of

500-999 pmol/L (moderate increases). This grouping represented cats

with increased aldosterone concentrations in the range of what is

reported with various disease processes including kidney disease, heart

disease, hypovolemia, and PHA.3,12-15 The third grouping consisted of

cats with aldosterone concentrations of 1000-2999 pmol/L (severe

increases). This range of values would be most likely to occur in cats

with aldosterone secreting adrenal tumors, although other disease pro-

cesses occasionally are associated with hormone concentrations in this

range.2,3,12,16-19 The final grouping consisted of cats with aldosterone

concentrations ≥3000 pmol/L (marked increases). Concentrations of

this magnitude are observed in cases of aldosterone secreting adrenal

tumors, but would not be expected to occur with most other disease

processes.12-15,19

Demographics of the cats were compared among the aldosterone

groupings using χ2 testing for categorical data or Kruskal-Wallis test-

ing for continuous data. Progesterone, corticosterone, and cortisol

concentrations were compared across the 4 groupings using Kruskal-

Wallis testing with Dunn's post hoc testing. Spearman's rank correla-

tion coefficients (ρ) were calculated to further investigate associations

among the adrenal corticosteroids. Finally, the proportion of cats with

progesterone concentrations exceeding 2 cut-points (≥5 and

≥10 nmol/L) were compared between those cats with normal aldoste-

rone concentrations and those with marked increases in aldosterone

concentrations using Fisher exact testing. Concentrations of proges-

terone that are capable of causing clinically relevant disease are

unknown, but a cut-point ≥5 nmol/L is clearly abnormal in neutered

cats and cats in anestrus across multiple studies.20,21 Progesterone

concentrations vary during diestrus and several reproductive abnor-

malities, but are usually ≥10 nmol/L in these conditions.20-23 Statisti-

cal analyses were performed with commercially available software

F IGURE 1 Box-and-whisker plots depicting baseline concentrations
of (A) progesterone, (B) corticosterone, and (C) cortisol when grouped by
baseline aldosterone concentrations of: <500 pmol/L (n= 92), 500-
999 pmol/L (n = 58), 1000-2999 pmol/L (n = 71), and ≥3000 pmol/L
(n = 76). The horizontal line within each box represents the median, the
lower and upper boundaries of each box represent the 1st and 3rd
quartiles, and the whiskers represent the 5%-95% range. Dots represent
individual values outside of this range. The dashed horizontal lines in each
panel represent the reference interval. Kruskal-Wallis testing with Dunn's
post hoc testing was used for comparisons of hormone concentrations
across groups. *P = .005, **P= .002, ***P ≤ .001
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(GraphPad Prism Version 6.0; GraphPad Software Inc, La Jolla, Califor-

nia), and values of P ≤ .05 were considered significant.

3 | RESULTS

3.1 | Cats

Two hundred ninety-seven out of a total of 585 samples submitted for

analysis of aldosterone had sufficient serum or plasma available for mea-

surements of the additional corticosteroids and were included in the

study. Age information was available for 287 cats, and the median age

was 13 years (IQR, 10-15 years). Breed information was available for

269 cats and included domestic shorthair (n = 198), domestic longhair

(n = 28), domestic medium hair (n = 21), and various pure breed cats

(n = 22). Historical information was inconsistently provided by submit-

ting veterinarians, with varying amounts of information provided for

122 of 297 (41%) cats. Abnormalities consistent with PHA, which were

considered to be hypokalemia, hypernatremia, hypertension, generalized

weakness, and history of an adrenal mass, alone or in combination,

were described in 113 of 121 (93%) cases. Demographic features of

the cats with normal to mildly increased (<500 pmol/L, n = 92), moder-

ately increased (500-999 pmol/L, n = 58), severely increased (1000-

2999 pmol/L, n = 71), and markedly increased (≥3000 pmol/L, n = 76)

aldosterone concentrations are presented in Table 1.

3.2 | Corticosteroids

Plasma or serum progesterone and corticosterone concentrations were

higher in the groupings of cats with severely increased and markedly

increased aldosterone concentrations as compared to cats with normal to

mildly increased aldosterone concentrations (P < .001; Figure 1A,B). The

hormone concentrations in the various aldosterone groupings are further

summarized in Table 2. Plasma or serum progesterone concentrations

were significantly and positively correlated with plasma or serum cortico-

sterone concentrations (P < .001; Figure 2A). Only 2 of 92 (2%) cats with

aldosterone concentrations <500 pmol/L had progesterone concentra-

tions ≥5 nmol/L (reference interval [RI], ≤2 nmol/L) whereas 40 of 76

(53%) cats with aldosterone concentrations ≥3000 pmol/L had

progesterone concentrations ≥5 nmol/L (P < .001). No cats in the

<500 pmol/L aldosterone group had progesterone concentrations

≥10 nmol/L whereas 24 of 76 (32%) cats in the ≥3000 pmol/L aldoste-

rone group had progesterone concentrations exceeding this cut-point

(P < .001).

Cortisol concentrations were decreased in cats with markedly

increased aldosterone concentrations as compared to those with normal

to mildly increased aldosterone concentrations (P < .001; Figure 1C).

When evaluating cats in which progesterone or corticosterone concen-

trations were above the RI, cortisol was inversely correlated with both

of these hormones (P < .001; Figure 2B,C). A total of 31 cats had pro-

gesterone concentrations ≥10 nmol/L. Eleven of these 31 (36%) cats

had concurrent cortisol concentrations that were <15 nmol/L (RI,

15-97 nmol/L), which was a higher proportion than the 12 of 171 (7%)

cats with normal progesterone concentrations that had cortisol concen-

trations <15 nmol/L (P < .001).

4 | DISCUSSION

Our study documented that multiple corticosteroid abnormalities are

common in cats with hyperaldosteronism. Over 30% of cats with aldoste-

rone concentrations ≥3000 pmol/L had notable increases in progesterone

concentrations (≥10 nmol/L; RI, ≤2 nmol/L). Corticosterone concentra-

tions in cats with aldosterone concentrations ≥3000 pmol/L were 10-fold

greater than corticosterone concentrations in cats with normal aldoste-

rone concentrations. Indications for aldosterone testing in cats other than

PHA screening are rare in the clinical setting. The median age of 13 years

and the fact that 93% of available histories revealed abnormalities consis-

tent with aldosterone excess suggest that most cats were being tested

for PHA. Aldosterone concentrations are reported to be >1000 pmol/L in

approximately 90% of cases of aldosterone-secreting adrenal

tumors.3,16-18 Aldosterone concentrations are increased in some cats with

heart disease and kidney disease, but the magnitude of increase is usually

less than what is observed in cats with aldosterone secreting adrenal

tumors.12-14 The magnitude of increased aldosterone concentrations in

cats with PHA because of bilateral adrenal hyperplasia also is less severe

than in cases of adrenal tumors, with concentrations <1000 pmol/L

occurring in over 90% of cats with bilateral adrenal hyperplasia.19 As such,

most cats with severe (1000-2999 pmol/L) and marked increases

(≥3000 pmol/L) in aldosterone concentrations in our laboratory study

TABLE 2 Corticosteroid concentrations in samples submitted for aldosterone measurements in 297 cats when grouped by aldosterone
concentrations

Aldosterone concentration

<500 pmol/L 500–999 pmol/L 1000-2999 pmol/L ≥3000 pmol/L

n = 92 n = 58 n = 71 n = 76

Progesterone (≤2 nmol/L) 1 (1-2) 2 (1-3) 2 (1-4) 5 (3-10)

Corticosterone (≤32 nmol/L) 12 (3-25) 23 (9-48) 32 (15-96) 113 (38-250)

Cortisol (15-97 nmol/L) 103 (49-182) 88 (45-151) 95 (60-153) 59 (27-103)

Note: The values for progesterone, corticosterone, and cortisol concentrations are expressed as median (IQR). The reference interval is shown in

parentheses under each hormone. Statistical comparisons are shown in Figure 1.
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were likely to have adrenocortical neoplasia. Even though historical and

clinical information were unavailable for many cats, it does not detract

from overall results. Our findings indicate that the syndrome of multiple

corticosteroid secreting adrenal tumors in cats is more common than pre-

viously thought.

The reasons why multiple corticosteroid abnormalities occurred are

unknown. Multiple corticosteroid secreting adrenal tumors occur in sev-

eral species including humans, yet the underlying mechanisms have not

been studied in detail.24-29 Both corticosterone and progesterone are in

close proximity in the mineralocorticoid steroidogenic pathway.8,24,30,31

Perhaps accelerated aldosterone production caused increases in these

intermediates. However, this is unlikely to be the only explanation

because there were many cats with marked increases in aldosterone con-

centrations in which corticosterone and progesterone remained normal.

Alternatively, neoplastic cells might directly secrete multiple hormones in

some cases, or subpopulations of the neoplastic cells might secrete sepa-

rate hormones.24,32,33

The magnitude of increases in these additional corticosteroids is

likely to be of clinical relevance in some cases. Progesterone concentra-

tions capable of causing clinical hyperprogesteronism are not defined and

likely depend on both degree and duration, but values in the range of

what is expected during diestrus and gestation were observed in some

cats.20,22 This range of progesterone concentrations is also similar to pro-

gesterone concentrations in several cats with progesterone secreting

adrenal tumors and concurrent diabetes mellitus.7,8,10,34,35 The strong cor-

relation between corticosterone and progesterone was another interest-

ing finding in our study, and many cats with hyperaldosteronism had

concurrent increases in both of these corticosteroids. Unfortunately,

there is a paucity of information about corticosterone effects in dogs and

cats. Corticosterone is seldom measured in these species, and most com-

mercial laboratories do not offer assays for this corticosteroid.27 Still, the

10-fold increase in corticosterone in cats with markedly increased aldo-

sterone concentrations as compared to cats with normal aldosterone con-

centrations was striking. In addition, cats with more pronounced

increases in corticosterone and progesterone concentrations often had

suppressed cortisol concentrations (Figure 2B,C). These findings support

the possibility of clinically relevant glucocorticoid effects and

hypothalamic-pituitary-adrenal axis suppression in some cases. However,

additional studies are needed to determine how often clinical abnormali-

ties actually occur as a result of progesterone and corticosterone excess

in cats with PHA as well as to determine the relative contributions of

each of these hormones to potential clinical signs.

One limitation of the present study is that many of the laboratory

submittal forms lacked detailed clinical information. Although we were

able to perform meaningful assessments of the data, this additional infor-

mation would have permitted more in-depth analyses and strengthened

our conclusions. Another potential limitation is that there are many other

adrenal steroids and intermediates that were not measured in the present

study. These additional corticosteroids warrant consideration in future

studies, but they were beyond the scope of this investigation. We

focused on hormones that were likely to be affected based on pathways

of adrenocortical steroid synthesis, previous reports of progesterone and

aldosterone secreting adrenal tumors, and our anecdotal observations in

the laboratory.2,7,8

In summary, both progesterone and corticosterone were

increased frequently in cats with hyperaldosteronism. In some of

F IGURE 2 Scatterplots depicting (A) progesterone and
corticosterone concentrations in the entire study population of
297 cats, (B) progesterone and cortisol concentrations in the 126 cats
with progesterone concentrations exceeding the RI, and
(C) corticosterone and cortisol concentrations in the 132 cats with
corticosterone concentrations exceeding the RI. Cats with normal to
moderately increased aldosterone concentrations (<1000 pmol/L) are
depicted by black dots. Cats with severely (1000-2999 pmol/L) and
markedly increased (>3000 pmol/L) aldosterone concentrations are
depicted by blue triangles and red squares, respectively. The
Spearman's correlation coefficient (ρ) and associated P values are
shown in the upper-right of each panel
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these cats, the increases in progesterone and corticosterone might be

of substantial magnitude to result in clinical signs of progestogen or

glucocorticoid excess. Clinicians should consider the possibility of

multiple corticosteroid abnormalities when assessing cats for PHA.
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