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concentrations in cats in
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Objectives: Firstly, to compare differences in insulin, adiponectin, leptin,
and measures of insulin sensitivity between diabetic cats in remission and
healthy control cats, and determine whether these are predictors of diabetic
relapse. Secondly, to determine if these hormones are associated with serum
metabolites known to differ between groups. Thirdly, if any of the hormonal or
identified metabolites are associated with measures of insulin sensitivity.

Animals: Twenty cats in diabetic remission for a median of 101 days, and 21
healthy matched control cats.

Methods: A casual blood glucose measured on admission to the clinic.
Following a 24h fast, a fasted blood glucose was measured, and blood
sample taken for hormone (i.e., insulin, leptin, and adiponectin) and untargeted
metabolomic (GC-MS and LC-MS) analysis. A simplified IVGGT (1 g glucose/kg)
was performed 3 h later. Cats were monitored for diabetes relapse for at least
9 months (270 days).

Results: Cats in diabetic remission had significantly higher serum
glucose and insulin concentrations, and decreased insulin sensitivity
as indicated by an increase in HOMA and decrease in QUICKI and
Bennett indices. Leptin was significantly increased, but there was no
difference in adiponectin (or body condition score). Several significant
correlations were found between insulin sensitivity indices, leptin, and
serum metabolites identified as significantly different between remission
and control cats. No metabolites were significantly correlated with
adiponectin. No predictors of relapse were identified in this study.
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Conclusion and clinical importance: Insulin resistance, an underlying factor
in diabetic cats, persists in diabetic remission. Cats in remission should be
managed to avoid further exacerbating insulin resistance.

diabetic remission, cats, insulin, leptin, adiponectin, insulin sensitivity, insulin
resistance, metabolomics

Introduction

Remission in diabetic cats has been previously described by
our group as maintaining euglycaemia for at least 2 weeks after
insulin therapy has ceased, and can be achieved in many diabetic
cats. Newly diagnosed cats with type-2 like diabetes enrolled
in studies with early intervention, intensive long-acting insulin
therapy, and low carbohydrate diets have reported the highest
remission rates. Relapse requiring further insulin therapy has
been reported in ~25-30% of cats in remission. The majority
(76%) of cats in remission have been previously reported to have
impaired glucose tolerance, with some (19%) having impaired
fasting glucose, indicating these cats do not have normal glucose
metabolism or clearance (1).

Cats
to have significant (P < 0.05) differences in several key

in diabetic remission have been demonstrated

metabolites compared to control cats, such as an increase in
glucose and decreases in many glucogenic amino acids (i.e.,
alanine, asparagine, aspartate, glutamine, methionine, proline,
serine, tyrosine, and valine) indicating a possibly increased
consumption for gluconeogenesis (2).

Newly diagnosed diabetic cats are approximately six times
less sensitive to insulin than non-diabetic cats, which is similar
to that reported in humans (3). Insulin resistance (decreased
insulin sensitivity) is due to a reduction in the signalling
and biochemical actions normally modulated by insulin (4,
5). This results in decreased uptake of glucose by skeletal
muscle, the largest tissue utilising glucose in the body, and
reduced inhibition of hepatic gluconeogenesis. Thus, there is
decreased clearance of glucose from the blood by skeletal muscle
and increased glucose production by the liver, resulting in
hyperglycaemia (6). Decreased insulin receptor expression on
the cell membrane in target tissues, and receptor defects, lead to
mild insulin resistance (7). More severe insulin resistance occurs
if post-receptor defects develop, leading to decreased glucose
transport activity within the cell and increases the severity
of hyperglycaemia (7). In a healthy state, increased insulin
decreases hepatic gluconeogenesis by supressing gene expression
for gluconeogenic enzymes. Insulin resistance reduces the
ability of insulin to decrease production of these enzymes,
leading to a loss of homeostasis of hepatic gluconeogenesis
(8). Fasting insulin concentrations are an indicator of insulin
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sensitivity until pancreatic beta cell failure ensues and glucose
concentration increases. However, there are no reports in the
literature comparing insulin concentrations between cats in
diabetic remission.

Increased leptin and decreased adiponectin concentrations
have been reported in obese cats (9-12), and this inverse
relationship appears to be more profound in newly diagnosed
diabetic cats suggesting these adipokine hormones may be
involved in the pathogenesis of diabetes in cats (13). Leptin
is known to regulate energy intake through the central
nervous system by decreasing food intake and increasing
energy expenditure, as well as influencing fat and carbohydrate
metabolism (14). Interestingly, in cats, increased plasma
leptin concentrations are associated with insulin resistance,
regardless of whether cats were lean or obese (15). In contrast,
adiponectin regulates insulin action and energy homeostasis
through increasing glucose utilisation and fatty acid oxidisation
by muscle, and decreasing hepatic glucose production (14).
Adiponectin concentrations are reported to be decreased in
obese humans and cats, and increased intra-abdominal fat
is more strongly associated with decreased concentrations
compared to subcutaneous fat (6). As obesity is a risk factor for
the development of diabetes in cats, adiponectin may also have a
significant role in the development of this disease (16).
of this
concentrations of insulin, leptin, and adiponectin between

The aims study were to compare serum
diabetic cats in remission and healthy control cats, as well
as assessing leptin:adiponectin ratios and calculating insulin
sensitivity to compare between groups. Additionally, the study
aimed to assess if hormone concentrations were predictors

of relapse.

Materials and methods

Study design

This was a retrospective and prospective cohort study
that recruited client-owned diabetic cats in remission from
a feline-only veterinary hospital (“remission cats”). Practice
records were reviewed from January 2005 to April 2010 to
retrospectively identify previously insulin-treated diabetic cats
in which insulin administration had ceased, and cats were
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also recruited prospectively from April 2010 to August 2012.
To enrol in the study, cats must have 1. Been previously
diabetic requiring insulin therapy; 2. have recorded at least
one non-fasted casual glucose concentration of <6.5 mmol/L
(<117 mg/dL) a minimum of 2-weeks after cessation of insulin
treatment; and 3. Have no clinical signs of diabetes prior to
inclusion in the current study. Remission date in this study
was defined as 14 days after the date administration of insulin
ceased, and only cats in their first remission were included.
Remission dates for enrolled cats were from April 2006 to
August 2012. The cats in this study were assumed to have type-
2 diabetes unless clinical signs at diagnosis indicated testing
for other specific types of diabetes. Cats with other specific
types of diabetes were included in this study (e.g., pancreatitis,
acromegaly, corticosteroid induced). Clinically healthy owned
cats presenting to a feline-only or The University of Queensland
Veterinary Teaching Hospital Veterinary Hospital (“control
cats”) were frequency-matched to the remission cats based on
age and body condition score and enrolled in the study.

Twenty cats in remission (with a median remission time
of 110 days, range of 10 days—4 years) and 32 control cats
were enrolled into the study (Table 1). Both remission and
control cats were admitted to hospital after enrolment. Casual
blood glucose (measured anytime in relation to eating), body
weight, and body condition score were all recorded (17). A
3mL jugular sample was collected to send to an external
laboratory’ [for haematology, serum biochemistry, serum
fructosamine, total thyroxine (t4), and feline pancreatic lipase
immunoreactivity], and an in-house urinalysis was performed.
Cats were hospitalised for 24h, during which time all food
was withheld. Another 3 mL fasted jugular sample was collected
for further biochemical and metabolomic analyses of serum
samples. Blood was collected and placed into a red-top serum
tube, centrifuged for 8 min at 1,500 g, and the separated serum
placed into 1mL Eppendorf tubes. Samples were stored at
—80°C and transported on dry ice to the laboratory for
analysis. An intravenous catheter was also placed in the
cephalic vein at the time. Cat signalment, body condition score,
fasting blood glucose, glucose tolerance measures, fructose
concentrations, and feline pancreatic lipase immunoreactivity
(fPLI) are summarised in (Table 1). Six of the 20 remission cats
had International Renal Interest Society (IRIS) stage 2-3 chronic
kidney disease (creatinine > 140 pmol/L and USG < 1.035)? at
the time of the study.

Three hours after the fasted blood sample was collected and
the intravenous catheter placed, cats had a simplified glucose
tolerance test performed as has previously described (1, 18).
This allowed sufficient time to minimise the effects of stress
hyperglycemia following handling (19). In summary, fasting

1 IDEXX Laboratories, Brisbane, QLD, Australia.

2 International Renal Interest Society: http://www.iris-kidney.com.
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TABLE 1 Signalment, body condition score, fasting and 2 h glucose
concentrations during a GTT for cats in diabetic remission and control
cats.

Control (n=21) Remission (n =

20)
Signalment
Sex Male neutered 12; female Male neutered 12;
speyed 9 female speyed 8
Median age at testing (range) 10 years (5-18 years) 13 years (5-19 years)
Median body condition score 5.5 (4-8) 5.0 (4-7)
at testing using 9 point scale
(range)
Breed Domestic Short Hair 14, Domestic Short Hair

Burmese 4, Oriental 1, 8, Burmese 8, Siamese

Abyssinian 1, Tonkinese 2, Australian Mist 1,

1 Russian X 1
Median time in remission at ~ Not applicable 101 days (10 days—4
testing (range) years)*
% with normal fasting glucose  100% (21/21) 80% (16/20)°
concentration (<6.5 mmol/L,
117 mg/dL)
Mean fasting glucose 4.4 (2.8-6.1) 5.8 (3.9-8.4)
concentration (range)
(mmol/L)
Mean glucose concentration 8.6 (3.2-16.3) 19.6 (7.6-25.9)4
at 2h (range) (mmol/L)
% with normal glucose 100% (22/22) 26% (5/19)¢
tolerance test*
Mean fPLI¢ 2.3 (0.5-5.1)f 5.8 (1-16)8
Mean fructosamine” 250 (190-305)° 267 (197-347)

2Time from remission date (14 days after the date insulin administration ceased) to
testing date.

bThe remaining 4 cats (20%) had fasting glucose concentrations of 6.6, 7.5, 7.8, and 8.4
mmol/L (119, 135, 140, and 151 mg/dL).

“Normal glucose tolerance test defined as glucose concentration < 6.5 mmol/L (117 mg
/dL) within 3 h after 1 g/kg IV bolus of glucose administered.

4 The glucose tolerance test was not performed on 1 remission cat.

¢Laboratory reference range for fPLI was 0.1-3.5 jug/L within the normal range, 3.6-5.3
g/L may indicate pancreatitis, and >5.4 g/L consistent with pancreatitis.

ffPLI and fructosamine results were not available for 1 control cat.

8fPLI results were not available for 4 remission cats.

"Laboratory reference range for fructosamine was 249-406 pmol/L.

blood glucose was measured using a portable glucometer®
calibrated for feline blood, with samples taken from the ear
as first preference, or the paw pad or jugular depending on
the cat’s temperament. A 1 g/kg bolus of glucose (50% glucose
wt/vo) was administered intravenously via the cephalic catheter.
Blood glucose was measured 2h after glucose administration,
and then hourly until blood glucose concentrations had returned
to baseline < 6.5 mmol/L (<117 mg/gL), or until 9h after the

3 AlphaTRAK, Abbott Animal Health; Cozzi EM et al. (47).
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start of the test if that occurred first. Food was withheld for the
duration of the glucose tolerance test.

Glucose tolerance testing was unable to be performed on
one cat that had hormone and metabolomic testing, but it was
retained for some analyses in the study. One cats did not have
enough sample volume for insulin measurement, two for leptin

measurement, and one cat for adiponectin measurement.

Hormone analysis

Serum leptin concentrations were measured using a
commercially available multi-species radioimmunoassay kit*,
and serum adiponectin and insulin concentrations were
measured using ELISA kits>®, all of which have previously been
validated in cats (20, 21) (see text footnote 2). Intra-assay and
inter-assay coefficients of variation (CVs) were <15% and <10%
for leptin quality controls of 2.3 and 11.4 ng/mL, respectively.
For adiponectin, intra-assay CV was <5% for quality controls
of 4.2 and 21.7 wg/mL. Intra and inter-assay reproducibility of
feline insulin ELISA kit are <10%.

Measures of insulin sensitivity

The euglycaemic-clamp and minimal model analysis
methods are considered the gold-standard test for determining
insulin sensitivity, however this requires an intensive protocol
and as enrolled cats were client-owned, it was not feasible in the
current study design. Instead standard insulin sensitivity indices
were calculated from fasted glucose and insulin concentrations
(22). The Homeostasis Model Assessment (HOMA) is the
product of glucose and insulin concentrations divided by a
constant (23). The higher the HOMA value the lower the
insulin sensitivity. The Quantitative Insulin Check Index
(QUICKI) is derived from calculating the inverse of the sum
of logarithmically expressed values of glucose and insulin (24).
The Bennett index is similar to the QUICKI using the inverse
function, except with log transformation of the product of
insulin and glucose values (25). Lower QUICKI and Bennett
indices indicate lower insulin sensitivity.

Metabolomic analyses

Untargeted metabolomics analyses and metabolite
identification via Gas Chromatography-Mass Spectrometry
(GCMS) and Liquid Chromatography-Mass Spectrometry

4 Linco's Multi-Species Leptin Radioimmunoassay (RIA) Kit, Linco
Research Inc, St Charles, MO.

5 B-Bridge International, Otsuka, Tokyo, Japan.

6 Nippon University
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(LCMS)  were Australia

(Melbourne, VIC, Australia) as previously described (2).

performed by Metabolomics

Identification of relapse in remission cats

Remission cats were monitored for relapse after testing using
casual blood glucose measurements either by home monitoring
or during health checks in clinic, with relapse being defined as
a blood glucose > 11 mmol/L (198 mg/dL) on a minimum of
two occasions, plus clinical signs consistent with diabetes (e.g.,
polyuria, polydipsia, polyphagia, and weight loss). The endpoint
of the study occurred when the cat relapsed, or if the cat did not
relapse when they died from other causes, the most recent of the
last recorded visit in clinic records (either the referring clinic or
the feline-only clinic), or the last contact date with the owner.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
software. Serum hormone concentrations and measures of
insulin sensitivity were analysed between diabetic remission
and control cats using unpaired t-tests. Data were log
transformed to remove heterogeneity of variance where
required. Spearman’s correlation coefficients were obtained
to examine the relationship between metabolites previously
identified by metabolomics and measures of insulin sensitivity.

Results

Glycaemic indicators

All control cats had a fasting blood glucose < 6.5 mmo/L
(<117 mg/dL) and normal glucose tolerance [blood glucose
< 6.5 mmo/L (<117 mg/dL) at 3 h post glucose administration]
(1). The majority (74%, 14/19) of remission cats had impaired
glucose tolerance and 20% (4/20) had impaired fasting glucose
concentrations (6.6-8.4 mmol/L vs. normal < 6.5 mmol/L;
119-151 mg/dL vs. normal < 117 mg/dL). One remission cat
did not reach < 6.5 mmol/L (<117 mg/dL) during the GT'T,
and had a lowest measured glucose concentration of 7.3 mmol/L
(131 mg/dL) at 9h after glucose administration, which was
determined to be its endpoint (1). Six remission cats relapsed
within 9 months of follow up. The median time from remission
to relapse was 139 days (range, 71-515 days) and the median
time from baseline testing to relapse was 81 days (range, 50-257
days) (1).

Four remission cats had a history of corticosteroid
administration prior to developing clinical signs and
diagnosis of diabetes, one had moderate pancreatitis at
diagnosis, and one had severe pancreatitis coupled with
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TABLE 2 Mean + SEM (and range) of hormone concentrations and
measures of insulin sensitivity for cats in diabetic remission and
control cats.

Control Remission P-value
Glucose (mmol/L) 4.5+£0.2 59+0.3 P < 0.002
(2.8-6.1) (3.9-8.4)
Insulin (U/ml) 159+ 2.1 25.6 4.2 P <0.05
(3.9-40.2) (4.8-64.2)
Insulin to glucose ratio 39407 47+£0.8 N.S.
HOMA 3.07 £ 043 6.77 £ 1.15 P <0.01
(0.71-6.65) (1.17-17.78)
QUICKI 0.58 £0.0 0.51 £0.02 P <0.05
2 (0.45-0.83) (0.38-0.70)
Bennett index 1.53 +£0.10 1.13 £0.09 P <0.01
(0.89-2.80) (0.65-2.01)
Leptin (ng/ml) 19.3£2.8 324+54 P <0.05
(1.0-41.0) (6.8-87.7)
Adiponectin (pug/ml) 56+ 1.3 65+ 1.7 N.S.
(0.2-20.1) (0.1-25.6)
Leptin to adiponectin ratio 16.8 5.8 34.0£ 153 N.S.
corticosteroid administration. Diagnosis of pancreatitis
was based on clinical signs and fPLI concentrations

measured by an external laboratory. The remaining 14
remission cats were presumed to have type-2 diabetes

on diagnosis. Three of the «cats with corticosteroid
administration ~ without  concurrent  pancreatitis  had
impaired glucose tolerance and one had impaired

Of the two cats with
(including the one with concurrent

fasting glucose concentrations.
both
corticosteroid administration) had normal fasting glucose

pancreatitis,

and glucose tolerance.

Hormones and metabolites

Serum insulin and glucose concentrations (Table 2) were
significantly increased (P < 0.05 and P < 0.002, respectively)
in remission cats compared to control cats, although the
Insulin:Glucose ratio was not significantly different (P = 0.44)
between the groups. Remission cats exhibited decreased insulin
sensitivity, as indicated by a significantly increased HOMA (P
< 0.01), and significantly decreased QUICKI (P < 0.05) and
Bennett (P < 0.01) indices. However, none of these measures
were predictors for diabetic relapse.

Adipokine hormone concentrations in remission cats
were variable (Table2), although*-/ leptin concentrations
were significantly increased (P < 0.05) in remission cats,
whilst adiponectin was not significantly different (P = 0.68)
between remission and control cats. Despite the increase in
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leptin, the L:A ratio was not significantly different between
the groups (P = 0.31). Leptin and adiponectin were not
predictors for diabetic relapse. Further, there were no significant
correlations (absolute r values < 0.2, P > 0.05) between
leptin and either insulin or glucose concentrations, nor any
significant relationship between leptin and any measure of
insulin sensitivity.

Correlations were examined between hormones, insulin
sensitivity indices and the 16 metabolites previously identified
by metabolomics (2) as having significant differences between
remission and control cats (Table 3). As expected, glucose
as measured by GC-MS, had a positive correlation with
insulin (r = 0.38) and HOMA (r = 0.50), and negative
correlations with QUICKI (r = —0.46) and Bennett (r
= —0.48). Amino acids that were reduced in remission
cats (alanine, asparagine, aspartate, glutamine and valine)
had significant positive correlations (0.32 < r < 0.50) to
QUICKI and Bennett, and negative correlations with insulin
and HOMA. Glycine, the only amino acid previously found
to be increased in remission cats, had significant positive
correlations with insulin (r = 0.40) and HOMA (r = 0.46), and
significant negative correlations with QUICKI (r = 0.46) and
Bennett (r = 0.48).

Another metabolite found to be markedly decreased in
remissions cats, the sugar alcohol xylitol, had significant negative
correlations with insulin (r = —0.36) and HOMA (r = —0.42)
and positive correlations with QUICKI (r = 0.52) and Bennet
(r = 0.57). In contrast, the fatty acid transporter carnitine,
which is substantially increased in remission cats, had positive
correlations to insulin (r = 0.45) and HOMA (r = 0.47), and
negative correlations to QUICKI (r = —0.48) and Bennett (r =
—0.49). Urea was not significantly correlated with any measures
of insulin resistance (Table 3), even after exclusion of cats with
renal disease.

Aspartate, glutamine and stearic acid had significant
negative correlations (—0.32 < r < —0.42) with leptin, whilst
urea and carnitine had significant positive correlations (r =
0.39 and 0.35, respectively) with leptin (Table 3). No metabolites
exhibited a significant association with adiponectin, although
glycine had a significant positive correlation (r = 0.40) with the
leptin to adiponectin ratio.

Discussion

The important finding from this study was that cats in
diabetic remission are insulin resistant and have increased
glucose and insulin concentrations, as well as significant
differences in indices of insulin sensitivity. Insulin sensitivity
indices were correlated with some metabolites previously
identified as being altered in cats in diabetic remission but were
not predictive of diabetic relapse.
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TABLE 3 Correlation analysis (correlation coefficient and p-values) between selected metabolites and hormones and measures of insulin sensitivity.

Metabolite Hormones ItoG HOMA QUICKI  Bennett
Insulin Leptin Adiponectin LtoA
GC-MS amino acids
Alanine —0.20 —0.21 —0.23 0.09 —0.12 —0.20 0.34 0.36
NS NS NS NS NS NS P=0.03 P=0.03
Asparagine —0.22 —0.29 —0.09 —0.13 —0.17 —0.24 0.36 0.39
NS NS NS NS NS NS P=0.03 P=0.02
Aspartate —0.34 —0.42 0.10 —0.17 —0.22 —0.34 0.50 0.52
P=0.03 P <0.01 NS NS NS P=0.03 P <0.01 P < 0.001
Glutamine —0.32 —0.36 0.01 —0.15 —0.17 —0.36 0.44 0.48
P =0.04 P =0.03 NS NS NS P =0.03 P <0.01 P <0.01
Glycine 0.40 —0.04 —0.17 0.40 0.17 0.46 —0.46 —0.48
P=0.01 NS NS P=0.01 NS P <0.01 P <0.01 P <0.01
Leucine —0.03 —0.24 —0.10 0.01 0.08 —0.05 0.21 0.25
NS NS NS NS NS NS NS NS
Methionine —0.03 —0.19 —0.14 0.01 0.01 0.03 0.09 0.11
NS NS NS NS NS NS NS NS
Proline —0.06 —0.13 —0.24 0.07 —0.01 —0.06 0.25 0.29
NS NS NS NS NS NS NS NS
Serine 0.02 —0.07 —0.24 —0.01 —0.01 0.02 0.14 0.17
NS NS NS NS NS NS NS NS
Tyrosine —0.03 —0.15 —0.07 —0.05 0.10 —0.08 0.16 0.23
NS NS NS NS NS NS NS NS
Valine —0.16 —-0.19 —0.02 —0.03 —0.01 —0.18 0.32 0.36
NS NS NS NS NS NS P=0.05 P=0.02
GC-MS fatty acids and sterols
Stearic acid —0.19 —0.32 0.02 —0.08 —0.03 —0.28 0.20 0.24
NS P=0.05 NS NS NS NS NS NS
GC-MS sugars and sugar alcohols
Glucose 0.38 0.16 —0.03 0.39 0.32 0.50 —0.46 —0.48
P=0.02 NS NS P =0.02 P =0.05 P <0.01 P=0.01 P <0.01
Xylitol —0.36 —0.25 0.05 —0.21 —0.19 —0.42 0.52 0.57
P =0.02 NS NS NS NS P <0.01 P =0.001 P < 0.001
GC-MS other metabolites
Urea —0.07 0.39 0.25 0.05 —0.10 0.11 —0.04 —0.10
NS P=0.01 NS NS NS NS NS NS
LC-MS metabolites
Carnitine 0.45 0.35 —0.10 0.43 0.32 0.46 —0.47 —0.48
P <0.01 P=0.03 NS P <0.01 P=0.05 P <0.01 P <0.01 P <0.01

Insulin and insulin resistance

Insulin concentrations in cats in diabetic remission were
significantly higher than control cats. Remission cats had
significant insulin resistance based on HOMA, QUICKI, and
Bennett calculations. This indicates that some of the underlying
insulin resistance previously demonstrated in diabetic cats still
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persists once they achieve remission (26). We have previously
reported that glucose concentrations are significantly higher in
remission cats than control cats, possibly secondary to increased
gluconeogenesis (2). While the majority of remission cats (80%)
still maintain a normal fasting blood glucose concentration
(<6.5 mmol/L; 117 mg/dL), those with fasting blood glucose of
>7.5 mmol/L are at increased risk of relapse (1).
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In humans, HOMA and QUICKI have been shown to have
good correlation to the euglycaemic-clamp and minimal model
analysis methods (23, 24, 27, 28). In cats, HOMA has been
shown to be a good measure of insulin sensitivity (22). A study
of 32 cats of varying body weights, including 7 with impaired
glucose tolerance, found that fasting insulin concentration and
HOMA were useful overall predictors of insulin sensitivity and
resistance (22). In obese cats with glucose intolerance, insulin
concentrations had the strongest correlations with minimal
model analysis, although HOMA, insulin:glucose ratio, and
QUICKI were also strongly correlated (22). The Bennett Index
was only correlated in overweight and obese cats, and not in
mixed weight cats (22). QUICKI has been reported to have a
good correlation to both the euglycaemic-clamp and minimal
model analysis in lean, obese, and diabetic humans, and had
a higher correlation to the euglycaemic-clamp (direct measure
of insulin sensitivity) compared to the correlation between
the euglycaemic clamp and minimal model (simplified indirect
measure) (24).

In normoglycemic humans with normal glucose tolerance,
fasting insulin concentration alone has been reported to be
as accurate as insulin:glucose ratio, HOMA, and Bennett
index in documenting insulin resistance (29). While insulin
concentrations are increased initially in insulin resistant states
if beta-cell function is normal, eventually failure of pancreatic
beta-cells results in insulin concentrations decreasing, while
glucose concentrations continue to rise. As a group, diabetic cats
in remission have increased glucose concentrations, though the
majority maintain normal fasting blood glucose concentration,
with 19% of diabetic cats in remission having increased fasting
blood glucose concentration (1). However, the majority of these
cats have impaired glucose tolerance. This indicates that there
was still sufficient pancreatic beta-cell function to maintain
normoglycemia in most cats in diabetic remission, in spite of
underlying insulin resistance (30).

Leptin

Leptin concentrations were significantly higher in remission
cats. Obese animals and humans have been shown to have
increased leptin concentrations in proportion to adipose tissue
mass, associated with the development of leptin resistance
(11, 14, 31, 32). Decreased serum levels of leptin have been
reported with weight loss in cats (32). However, increased
leptin concentrations in cats have been associated with insulin
resistance independent of obesity (15) and in the current study
there was not a significant difference in BCS between remission
and control cats. Insulin is a known major regulator of leptin
production, and hyperinsulinaemia may result in increased
leptin concentrations (15, 33). Remission cats in our study
indeed had significantly higher mean insulin concentrations
compared to control cats which fits this scenario, although
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we observed only weak correlations between circulating leptin
and insulin, or any measure of insulin sensitivity. Further
studies are required to elucidate any potential contribution of
insulin insensitivity and hyperinsulinaemia to hyperleptinaemia
in diabetic cats.

Adiponectin

There was no significant difference in adiponectin between
remission and control cats, nor was adiponectin significantly
correlated with any insulin sensitivity indices. Total adiponectin
has been reported as having no correlation to insulin in cats (32).
In humans, adiponectin concentrations are reduced in obesity
and type 2 diabetes (14). Adiponectin concentrations have been
negatively correlated with fasting insulin concentrations and
positively correlated with insulin sensitivity, and are considered
closely related to the pathophysiology of type 2 diabetes in
humans (34, 35). Adiponectin is also decreased in obese and
insulin-resistant non-diabetic cats, and decreased further in
diabetic cats compared to obese cats (13, 36, 37). Mean BCS
between remission and control cats were the same, with no
difference in rates of obesity between groups. While cats in
remission do have distinct metabolic differences from control
cats, they still differ from cats who are overtly diabetic. However,
remission cats did have an increase in fasting insulin, which
in human type 2 diabetic is associated with a decrease in
adiponectin, but this was not demonstrated in remission cats.
This study did not differentiate between high and low molecular
weight multimers of adiponectin. In humans, the high molecular
weight multimer is selectively reduced in the presence of obesity-
related states such as type 2 diabetes, and there have been
similar findings in cats (9). In cats, high molecular weight
adiponectin has been shown to be decreased following feeding
of high carbohydrate diets, and the ratio of high to low weight
molecular adiponectin is decreased with a higher percentage
of body fat (38, 39). Further work in cats is necessary to
elucidate the relationship between adiponectin and diabetes,
including the role(s) of high molecular weight adiponectin.
Certainly total adiponectin concentrations remain unchanged
in cats during weight gain or loss (40), and our study found
no difference in total adiponectin concentrations between cats
in diabetic remission compared to controls when they exhibit
similar BCS.

Metabolomics

We have previously demonstrated that several glucogenic
amino acids (i.e., alanine, asparagine, aspartate, glutamine,
leucine, methionine, proline, serine, tyrosine, and valine) are
decreased in cats in diabetic remission (2). Five of these (i.e.,
alanine, asparagine, aspartate, glutamine, and valine) had
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positive correlations with QUICKI and Bennet, and negative
correlation with HOMA, indicating that these changes might
be associated with insulin resistance in these cats. Glycine was
increased in remission cats, and had negative correlations with
QUICKI and Bennet and positive correlation with HOMA.
This demonstrates a possible link between decreased insulin
sensitivity and altered gluconeogenic metabolism in remission
cats. Diabetic cats are, on average, six times less sensitive
to insulin than normal cats, but hepatic gluconeogenesis
is also increased in non-diabetic cats with insulin
resistance (3, 41).

Aspartate and glutamine were also negatively correlated
with insulin and leptin concentrations, as was stearic
acid. It

has a suppressive effect on these metabolites, or that an

is unknown if an increase in these hormones
increase in gluconeogenesis and glucose production depletes
these metabolites, leading to increased concentrations of
these hormones.

Other metabolites identified with significant correlations
were glucose, carnitine, and xylitol. Carnitine was positively
correlated to insulin, leptin, L:A, I.:G and HOMA, and
negatively correlated with QUICKI and Bennet in remission
cats. Carnitine concentrations in remission cats were increased
even when adjusted for carnitine content of diet (2). Carnitine
is synthesised in the liver or absorbed through diet, and
supplementation of carnitine in human and rodent diabetic
subjects improved glucose parameters (42). Xylitol is reported
to be decreased in remission cats, and in our study,
had negative correlations with insulin and HOMA and
positive correlations with the QUICKI and Bennet (2).
Supplementation of 10% xylitol solution fed to diabetic rats
reportedly improved glucose tolerance (43, 44). However,
while never reported in cats, xylitol ingestion in dogs
stimulates insulin secretion resulting in potentially lethal
hypoglycaemia (44).

Urea is reported to be increased in remission cats, even
when cats with renal disease (IRIS stage 2 and above) were
removed from analysis (2). This was hypothesised to be
due either to an increase in the glucose-alanine cycle, of
which urea is a by-product, or due to underlying renal
changes in diabetic cats, which have been demonstrated to
have a higher rate of microalbuminaemia compared to non-
diabetic cats (70% compared to 18%) (45, 46). Urea was
significantly positively correlated with leptin in all cats, and
negatively correlated with I:G in cats once those with renal
disease were removed. There was no correlation with other
measures of insulin sensitivity, indicating that this change
in urea may be occurring independently from mechanisms
associated with insulin resistance. We have previously reported
that urea was associated with impaired glucose tolerance
in remission cats and was positively correlated with 2h
glucose concentration and time return to baseline in a
GTT (1).
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Limitations

The major limitation in this study was the sample size. A
larger group of remission and control cats may have allowed
for greater detection of correlations between hormones, insulin
resistance, and previously identified metabolites, as well as
further possible predictors of relapse. The small sample size
also precluded a full analysis of other factors such as age, body
condition score, and time in remission to the relationship of
these to hormones. The animals included in this study were
client owned and were fed a variety of diets, so this study was
not able to control for that.

Conclusions

In conclusion, this study shows that insulin resistance, an
underlying factor in diabetic cats, persists in diabetic remission.
Leptin was increased despite no significant differences in BCS
which is consistent with previous reports in cats that leptin is
an indicator of insulin resistance, independent of adiposity as
measured by body condition score. Correlations were identified
between markers of altered metabolism and insulin resistance
in cats in remission, suggesting that insulin resistance and
altered gluconeogenic metabolism are linked. While none of
these were identified as predictors of relapse, it would be prudent
to manage cats in diabetic remission to avoid adding further
insulin resistance by normalising body condition and avoiding
drugs such as corticosteroids that are known to cause insulin
resistance and predispose to diabetes in cats.
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