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ABSTRACT
The effect of dietary avocado-derived man-
noheptulose (MH; 8 mg/kg BW) treatment 
was investigated in 20 cats (Felis catus; 3 yr 
± 5 mo, 4 ± 2 kg). Cats randomly received 
a control (-MH) and test (+MH) dietary 
treatment for 28 d in a crossover design 
with a 14 d washout period between each 
treatment leg. Two 22-h indirect calorimetry 
studies were conducted after cats began 
to receive dietary treatment on day 0 and 
21.  Blood samples were collected after a 
24 hr fast on day 1 and 22. On day 28 cats 
were subjected to an intravenous glucose 
tolerance test (IVGTT) following an oral 
dose of water or dissolved MH (8 mg/kg 
BW) depending on dietary treatment. Cats 
were capable of digesting dietary MH as 
evidenced by significant effects of diet on 
fasted plasma MH and plasma MH dur-
ing the IVGTT (p<0.05).  There were no 
effects of MH on body weight, respiratory 
quotient in the fasted and post-prandial 
states (p>0.05). There was no overall effect 
of MH on fasted energy expenditure (EE; 

kcal/hr); however, there was a trend for MH 
to increase 22 hr total EE (p=0.05). There 
were no significant effects of MH on fasted 
blood parameters including: glucose, insulin 
and free fatty acids (p>0.05). Furthermore, 
an oral MH dose during an IVGTT did not 
impact glucose and insulin as there were no 
time point differences (p>0.05). Overall, 
the cat, an obligate carnivore, demonstrated 
some metabolic response to dietary MH 
treatment. Further investigation on whether 
certain physiological parameters and dietary 
parameters change the effects of dietary MH 
are warranted.

InTRoduCTIon
Calorie restriction (CR) is the most vigor-
ous and reproducible intervention to inhibit 
the physiological effects of aging, to delay 
the commencement of most pathologies (in-
cluding cancer and diabetes) and to extend 
mean and maximum lifespan by 20 to 40% 
(McCay et al., 1935; Weindruch and Sohal, 
1997; Weindruch and Walford, 1988).  How-
ever, there are concerns associated with the 
feasibility of implementing such CR regimes 
for long periods of time.  Calorie restriction 
mimetics (CRM) have been studied as an 
alternative to CR and to avoid some of the 
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negative effects associated with the imple-
mentation of CR regimens (Ingram et al., 
2004, 2006; Ingram and Roth, 2011).  The 
objectives of CRM strategies are to produce 
the same pro-longevity effects that CR pro-
vides without reducing caloric intake. Since 
the prolongevity strategies of CR influence 
systems involved in energy sensing, and 
regulation of metabolism, the initial targets 
of CRM focused on metabolites that modify 
glucose metabolism.  Glucose anti-metabo-
lites, such as mannoheptulose (MH), are be-
lieved to inhibit the glycolytic pathway. Spe-
cifically, MH, a seven carbon sugar found 
in avocados, acts as a hexokinase inhibitor 
that prevents the phosphorylation of glucose 
therefore blocking flux through the glycolyt-
ic pathway.  Glucose anti-metabolites mimic 
some of the beneficial physiological effects 
of CR including: reducing body weight, 
plasma insulin, body temperature, delayed 
tumour growth, and elevation of circulating 
glucocorticoid hormones (Roth et al., 2001).  

Reducing body weight with CRM strate-
gies has large potential application as greater 
than 50% of cats are overweight (APOP, 
2012).  Consequentially, diabetes mellitus is 
increasing in prevalence in the domestic cat 
population with an estimated incidence of 
2.45 cases/1000 cat years-of-risk (Panciera 
et al., 1990; Scarlett and Donoghue, 1998). 
The high incidence rate of obesity and dia-
betes exemplifies the need for a strategy to 
control obesity and the associated metabolic 
effects.  

The objectives of the present study were 
to measure the influence of MH supplemen-
tation at 8 mg/kg BW/d in a moderately 
high fat diet and to measure the effects of 
dietary MH treatment on the physiology of 
adult cats.  Measures included: fasting and 
fed mannoheptulose, indirect calorimetry 
measures of energy expenditure, fat and car-
bohydrate oxidation, fasted blood samples 
and an intravenous glucose tolerance test 
(IVGTT). We hypothesize that dietary MH 
treatment will cause: 1) an increase in serum 
MH concentrations, 2) greater energy expen-
diture (EE) due to a shift from carbohydrate 

oxidation to fat oxidation, 3) lower fasted 
plasma glucose and insulin and 3) improved 
insulin sensitivity during an IVGTT. 

MATeRIAlS And MeThodS
All procedures were reviewed and approved 
by Procter and Gamble’s Institutional Ani-
mal Care and Use Committee in accordance 
with IACUC guidelines.

Animals: Twenty reproductively sterile 
cats (N=20) of similar age (3 yr ± 5 mo), 
and split 10 females and 10 males, were ran-
domly separated into two treatment groups 
balanced by both sex and body condition 
(weight and total body fat (kg)).  Cats were 
provided from Pet Health and Nutrition 
Center (PHNC) at Procter and Gamble-Pet 
Care, Mason, Ohio.  Standard veterinarian 
evaluation (physical exam, chemical and 
CBC blood analysis) of overall health was 
completed prior to the initiation of the study 
and all cats entered the study healthy.  

All cats were previously acclimated to 
respiration chambers and associated envi-
ronment.  Acclimation success was assessed 
using the Cat-Stress-Score (CSS; Kessler 
and Turner, 1997), feed intake, fearfulness 
(response to novel stimuli) and elimination 
behaviours (Gooding et al., 2012).  Cats 
were considered successfully acclimated 
when they demonstrated behaviours similar 
to those observed in a free living environ-
ment where they are permanently housed, as 
well as behaviours indicative of low stress 
and fear response.  

Housing: Cats were housed in a free-
living group environment with indoor/
outdoor access during the day (0800- 1500 
h).  Access to an outdoor screened area was 
restricted at night (1500-0800 h).  Room 
environmental enrichment included perches, 
beds, toy houses, scratching posts, toys and 
climbing apparatus. All cats were socialized 
daily for a minimum of 60 min.  Cats were 
maintained on a 12 hour lighting schedule 
with the lights turning on at 0630 h and turn-
ing off at 1830 h.   The room temperature 
was maintained at 22˚C and relative humid-
ity was 50%-60%, outdoor temperature 
averaged 25˚C with a relative humidity of 
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70%. Room surfaces were cleaned daily, and 
disinfected weekly with Nolvasan disinfec-
tant (Allivet®, St. Hialeah, FL, USA).  Water 
was provided ad libitum from automatic 
waterers.

Respiration calorimetry chambers (Qubit 
Systems®, Kingston, ONT, Canada) were 
made of Plexiglass and measured 53.3 x 
53.3 x 76.2 cm.  Each chamber contained a 
shelf, feeder, water bowl, hammock, litter 
box, toy and a free area with a fleece bed. 
Water was provided ad libitum from water 
bowls.  The chamber was designed to allow 
sufficient separation of feeding, sleeping 
and elimination areas. Chambers and water 
bowls were disinfected, and litter, litter 
boxes, toys, hammocks and fleece beds were 
removed, cleaned and replaced daily.  

Diet: To effectively test the effects of 
MH on energy metabolism, food intake, 
intended to maintain weight, were provided 
equally between animals on a body weight 
basis; therefore, each cat was provided 45 
kcal ME/kg BW/d (females) and 50 kcal 
ME/kg BW/d (males). Diets were presented 
in kibble form and cats were fed individu-
ally at 7:00 am and permitted 60 minutes 
to eat during food offerings.  All remaining 
feed was collected and weighed to account 
for total (grams) feed refusal. The control 
diet was Iams® Original Chicken and the 
test diet was Iams® Original Chicken + MH 
(Table 1).

The avocado-derived mannoheptulose 
was produced using commercially available 

avocados (Hass variety).  Frozen, whole 
avocados comprised of the flesh, peel and 
pit were ground prior to suspension in water 
(1:3 w/w).  The resultant slurry was cen-
trifuged to remove non-aqueous solids.  A 
series of microfiltration (de-oiling), ultra-
filtration (10kDa) and nanofiltration (100 
kDa) was used to produce the MH-enriched 
fraction.  Lyophilization was used to form 
the final crystalline powder yielding 18 % 
MH (Massimino et al., 2005). 

Experimental Design: For two weeks 
prior to the initiation of the study cats were 
fed Iams® Original Chicken formula as the 
control diet.  At the end of the first washout 
period, cats were randomly allocated to ei-
ther the control group (-MH) or test (+ MH) 
group.  On the first day of the study (day 0) 
half the cats continued to receive the control 
diet without MH treatment (0 mg/kg BW) 
and the remaining half were fed the control 
diet with MH treatment (8 mg/kg BW). Each 
cat was fed their respective diet for a total 
of 28 days.  For 14 days (washout), after the 
first 28 day dietary treatment, all cats were 
returned to the control diet without MH 
treatment.  Following the second washout 
period cats were fed the alternate diet for an 
additional 28 day period.  

Body Weight and Composition: Body 
weight was measured weekly and food 
intake measured daily. Body composi-
tion was measured via Dual Energy X-ray 
Absorptimetry (DXA) and BCS analysis on 
day -2 and on day 28 for all cats.  For DXA, 
animals were anesthetized according to the 

Iams® Original- Control (-MH) Iams® Original- Test (+MH)

Moisture % 6.04 6.3

Protein % 32.9 33.4

Fat % 15.96 15.9

Ash % 6.57 6.79

NFE % 34.26 35.25

MH 0 ppm 787 ppm

Predicted ME (Kcal/kg)* 3775 3751

Table 1: Analyzed nutrient (%) and metabolizable energy content of control (-MH) and test 
(+MH) diets on an as-fed basis.   

*ME Calculated using Modified Atwater Equation (ME (kcal/kg) = (3.5*kg NFE)+(8.5*kg fat)+(3.5*kg protein)
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protocol of an (IM) injection of Dexdomitor 
(0.013 mg/Kg; Pfizer; Orion Corp. Espoo, 
Finland) and Butorphanol (0.25 mg/Kg IM; 
Fort Dodge Animal Health, Iowa, USA) 
with Propofol (1-4.4 mg/Kg IV; Hospira Inc, 
Illinois, USA) if needed.  Anesthetic reversal 
was achieved with the administration of 
Antisedan (Pfizer; Orion Corp. Espoo, Fin-
land), at an equal to volume of Dexdomitor 
IM.  Three DXA scans using infant software 
provided by Hologic Inc. (Model Delphi A 
with QDR® for Windows®, Hologic Inc. 
Bedford, MA, USA) were completed to 
measure body composition after an adequate 
plane of anesthesia was reached. Cats were 
placed in a sternal position and cranial 
aspect of ante brachium on the table with the 
phalanges facing caudally, hind limbs were 
bent slightly upward towards the abdomen 
while the tail curved just below the left rear. 
Whole body composition is the sum of the 
regions and segmented by: bone mineral 
content (kg), fat (kg), lean (kg), lean+ bone 
mineral content (kg), total mass (kg), and 
fat (%).  Scans were reviewed while the cat 
was still on the DXA scanner to ensure that 
the scan acquisition was acquired properly.  
Once the scans were completed, cats were 
removed from the unit and placed in a re-
covery area and an IM injection of Antise-
dan (Orion Pharma, Finland; distributed by 
Pfizer Corp, NY, USA) was administered in 
order to reverse the pharmacological effects 
of Dexdomitor. All three scans were com-
bined to obtain an average.

Indirect Calorimetry: To assess the ef-
fect of length of dietary MH adaptation on 
energy metabolism, four separate indirect 
calorimetry analyses were conducted with 
cats fed the control or test (MH) diet.  Oxi-
dation studies occurred on day 0 and day 21.  
To determine whether these effects changed 
during the fed and fasted state, oxidation 
studies were 22 hr in length and included 
fasted (0-3 hr), fed (3-9 hr), post prandial (9-
15 hr), and return to fasting state measure-
ments (15 -22 hr).   

Indirect calorimetry was conducted by 
measuring respiratory gases for 5 minutes 

every 30 minutes. Concentrations of O2 
and CO2 in the respiratory chambers were 
measured with O2 and CO2 gas analyzers 
(Qubit Systems®, Kingston, ON, Canada). 
The calorimeter is an open circuit, ventilated 
calorimeter with the room air being drawn 
through at a rate of ~5-8 L/min.  Airflow 
was set at 5 or 8 L/min, depending on cat 
BW, and actual rate was measured with the 
use of a mass flow meter to enable total 
volume calculation.  Gas analyzers and mass 
flow meters were calibrated prior to each 
individual oxidation study and at least every 
6 h during a study, or when a drift of greater 
than 1% was observed.  Calibration was per-
formed using standard gas mixtures at two 
concentrations.   Respiratory quotient, fat 
and CHO oxidation, and EE were calculated 
as follows (Weir, 1949): 
Respiratory Quotient (RQ) = 
litres CO2 produced/ litres of O2 consumed  [Eq. 1]
EE (kcal) = 3.94 x litres O2 consumed + 
1.11 x litres CO2 produced      [Eq.2]
Carbohydrate oxidation:
CnH2nOn + nO2 --> nCO2 + nH2O   [Eq. 3]
Fat oxidation:
(CH2O)3(CH2)3n(CO2H)3 + nO2 --> nCO2 + nH2O   [Eq. 4]

Fed energy expenditure, fat and CHO 
oxidation post feeding was calculated as 
least square mean ± SEM for all respira-
tory collections that occurred post feed-
ing.  Twenty-four hour energy expenditure, 
fat and CHO oxidation post feeding was 
calculated as least square mean ± SEM 
multiplied by 24 for each dietary treatment 
and exposure. 

Blood Analyses: All blood samples (2.5 
mL) were collected via jugular venipunc-
ture using the Vacutainer® system with 
sampling from the left or right jugular vein.  
Blood samples were taken in the fasted state 
following completion of oxidation measure-
ments and 4 hours postprandial on day 1 
and 22.  Samples were then placed on ice 
for 1 h.  After clotting, blood samples were 
centrifuged at 3,000 rpm for 15 min at -4°C, 
and serum was decanted and stored at -20°C 
or -70°C for later analyses.  Serum was 
measured for glucose, non-esterfied fatty 
acids (NEFA), insulin and MH.  Analysis 
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of glucose and NEFA was completed using 
the Beckman Coulter AU480 automated 
chemistry analyzer which uses colormet-
ric measurements (Beckman Coulter Inc.; 
Indianapolis, IN, USA).  Analysis of insulin 
was completed using a feline ELISA kit 
(Mercodia Inc.,Winston Salem, NC, USA). 
MH was analyzed using LC/MS/MS (Sciex 
API4000 Q-TRAP, AB SCIEX, Framington, 
MA, USA)

Intravenous Glucose Tolerance Test: An 
intravenous glucose tolerance test (IVGTT), 
based on the assumption that glucose con-
centration decreases exponentially with time 
following a loading dose, was conducted 
on day 28 of the study.  Following DXA 
analysis, catheters were implanted under 
anesthesia to permit frequent blood sam-
pling. Once full recovery from anesthesia 
had occurred (5 hrs, based on internal un-
published data), cats in the treatment group 
were provided a MH dose dissolved in water 
orally using a syringe. The control group 
was provided 0 mg/kg MH as only water 
was given orally via a syringe.  This ensures 
that all handling practices were consistent 
between groups.  Two hours following MH 
administration cats were injected intrave-
nously with 800 mg/kg BW glucose (50% 
w/v;  Butler Schein Animal Health, Dublin, 
OH, USA).  Blood samples were drawn after 
MH administration at times of -10, -5, -1, 
and after MH/glucose administration at 2, 5, 
10, 15, 30, 45, 60, 90, 120, 180 and 240 min 
post-injection of glucose.  Following the 
last blood sample, catheters were removed 

and cats were fed their daily food ration.  
Samples were analyzed for plasma glucose, 
insulin and MH. 

Statistical Analyses: A crossover design 
with repeated measures was used for this 
experiment.  There were two dietary factors 
tested (+MH or –MH) and additionally, 
length of dietary exposure to each treatment 
was included in the model. A mixed linear 
model with cat as a random variable using 
PROC MIXED was used (SAS, version 9.1; 
SAS Institute Inc., 2002-2003, Cary, NC, 
USA).  The model used was: Yij = Wi + εi 
; in which Yij= the dependent variable, Wi 
= dietary treatment (control (-MH) or test 
(+MH)), and εi = random residual error. 
Diet (control (-MH) or test (+MH)) was 
considered a fixed effect. Treatment least 
square means were compared using the pdiff 
multiple comparison procedure. Differences 
were considered significant when P<0.05 
and all data are expressed as least square 
mean ± SEM. For all measures a trend was 
observed at P < 0.10 – P >0.05.  

ReSulTS
Body Weight and Composition: There 

was no effect of MH supplementation on 
body weight, body fat or lean body mass 
(Table 2; P>0.05).  

Indirect Calorimetry: There were no 
effects of dietary MH treatment or dura-
tion of MH exposure on fed or fasted RQ 
(Table 3; P>0.05).  There was no effect of 
diet on fasted EE (kcal/kg0.67/d); however, 
there was a trend towards an effect of diet 

Test Control

Day -2 Day 28 Day -2 Day 28 P-value

Body Weight2 4.22 ± 0.2 4.26 ± 0.2 4.25 ± 0.2 4.27 ± 0.2 0.7433

Body Fat2 0.560 ± 0.1 0.603 ± 0.1 0.596 ± 0.1 0.571 ± 0.1 0.1002

Lean Body Mass2 3.81 ± 0.1 3.74 ± 0.1 3.76 ± 0.1 3.77 ± 0.1 0.1858

Table 2: Body weight, total body fat and lean body mass in adult domestic short hair cats dur-
ing the consumption of the washout/control diet (-MH, Day -2) and after 28 days of exposure 
to either the test (+MH) or control (-MH) diet1,2.

1Values are least-square means ± SEM, n = 20. Means compared across day (Day -2 vs. Day 28) within diet without 
a common superscript (*) differ, P < 0.05. Means compared between diet (Control vs. Test) within day without a com-
mon superscript (letter) differ, P<0.05. NS, P≥ 0.05. P-value presented refers to the diet*exposure effect of treatment. 
2Body weight, body fat and lean body mass are presented on a kg basis.
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on EE in the fed state as cats consuming the 
test diet (+MH) had elevated EE (Table 3; 
p=0.05).  Furthermore, there was an effect 
of exposure on EE in the fasted and fed 
states for cats consuming the test (+MH) 
diet as EE was higher on day 21 versus day 
0 (p=0.02).  There were no individual time 
point differences over the 22 hr respira-
tory gas sampling period for RQ and EE on 
day 21 (P>0.05). When AUC for EE was 
compared between dietary treatment on day 
0 and day 21 during the post-prandial (0-3 
hrs), fed (3-9 hrs), return to fasting (9-15 
hrs) and fasted (15-22 hrs) states no effect 
of dietary treatment was observed (p=0.48; 
data not shown).  

Fasted and Fed Blood: Serum MH con-
centrations were different between control 
and MH test groups in both the fasted and 
fed state (P<0.001) and fasted serum MH 
increased with length of exposure to the 
test diet (p=0.04).  There were no effects 
of dietary MH treatment on fasted and fed 
insulin, glucose or NEFA.  There was a trend 
for increased glucose to insulin ration (G:I) 
with dietary MH treatment (p<0.10; Table 
4). Fed glucose increased significantly from 
day 1 to day 22 during exposure to the test 
(+MH) and control (-MH) diet (P<0.05).  In 
addition, NEFA increased with prolonged 
exposure to the control diet (P=0.01).  

Intravenous Glucose Tolerance Test:  
There were no differences in time-course ef-
fects between treatments on plasma glucose 
and insulin during the IVGTT following 

a glucose bolus at time 0 (Figure 1; A, B; 
P>0.05).  However, cats receiving the oral 
MH dose (8 mg/kg BW) had greater plasma 
MH concentrations at all time points when 
compared with cats receiving the oral saline 
dose during the IVGTT (Figure 1C; P<0.05). 

dISCuSSIon
Overall, orally administered MH is digested 
and absorbed, as demonstrated by plasma 
MH changes in the adult domestic short-
hair cat fed a MH-containing diet.  There 
were no significant effects of dietary MH 
treatment on body weight, body fat or lean 
body mass.  Further, there was no effect of 
MH on RQ and thus, relative amounts of fat 
and carbohydrate oxidation; however, MH 
caused a numerical increase in total 22 hr 
post-feeding EE. There were no effects of 
MH on blood plasma metabolites.  To our 
knowledge, no one has sought to understand 
the practical application of diets containing a 
CRM on feline metabolism, which is mark-
edly different than other mammals due to the 
greater need for protein vs. carbohydrate.

All blood metabolites are similar to 
those previously reported in healthy, adult 
domestic short-hair cats (Appleton et al., 
2001; 2004; Coradini et al., 2011; Hoenig et 
al., 2011).  Plasma MH concentration was 
greater in cats fed dietary MH treatment 
or when MH was orally delivered during 
IVGTT.  The presence of MH in serum indi-
cates cats can absorb dietary/orally adminis-
trated MH.  MH has also been demonstrated 
to be biologically available in other species 

Test Control

Day 0 Day 21 Day 0 Day 21 P-Value

Fasted
RQ 0.77 ± 0.005 0.79 ± 0.005 0.78 ± 0.005 0.78 ± 0.005 0.3498

EE2 76.5 ± 4.8* 82.7 ± 4.2** 77.8 ± 4.8 78.7 ± 4.2 0.1591

Fed
RQ 0.84 ± 0.003 0.84 ± 0.005 0.84 ± 0.003 0.84 ± 0.005 0.8278

EE2 62.6 ± 2.2* 66.1 ± 1.6** 62.8 ± 2.2 62.0 ± 1.6 0.0548

Table 3: Energy metabolism in adult domestic cats after acute (Day 0) and chronic (Day 21) 
exposure to a control (-MH) and test (+MH) diet 1.

1Values are least-square means ± SEM, n = 20. Means compared across day (Day 0 vs. Day 21) within diet without a 
common superscript (*) differ, P < 0.05. Means compared between diet (Control vs. Test) within day without a com-
mon superscript (letter) differ, P<0.05. NS, P≥ 0.05. P-value presented refers to the diet*exposure effect of treatment. 
2Fasting and fed EE are represented on a kcal/kg0.67/d. 
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including rabbits, humans, rats and dogs 
(Roe and Hudson 1936; Blatherwick et al., 
1940; Koh and Berdanier, 1974; Issekutz 
et al., 1977).  Cats are obligate carnivores 
and possess lower digestive and absorptive 
capacity for dietary carbohydrates relative 
to other mammals due to the insufficient 
production of salivary amylase, pancreatic 
amylase and intestinal disaccharides (Meyer 
and Kienzle, 1991).  Despite these limita-
tions, previous studies have suggested that 
cats are capable of digesting dietary sugars; 
however, their capacity to cope with large 
amounts dietary carbohydrates may be 
limited (Kienzle, 1993, 1994). In the pres-
ent study, cats fed MH did not exhibit any 
signs of MH indigestibility and MH had no 
untoward effects on serum biochemistry or  
plasma insulin.  The present study adds the 
seven carbon sugar, mannoheptulose, to our 
understanding of tolerable and digestible 
carbohydrates for cats.

We did not observe any change in body 
weight or body composition in the present 
study.  However, it should be noted that no 
change in maintenance caloric intake was 
imposed during the study.  True CR regimes 
often cause significant reductions in BW and 

fat mass (Colman et al., 1998; Cefalu et al., 
1997).  Though some CRM strategies impact 
energy sensing pathways, dietary CRM 
supplementation does not necessarily lead 
to a reduction in body weight or body fat 
as subjects are fed to energy requirements 
or ad libitum (Wan et al., 2003; Mamczarz 
et al., 2005).   However, Lane et al., (1998) 
reported that three doses (0.2%, 0.4% or 
0.6%) of the glycolytic inhibitor, 2-deoxy-
glucose (2-DG) resulted in an initial decline 
in food intake and body weight in rats.  After 
several weeks of feeding, body weight of 
rats dosed with 0.2 and 0.4% 2DG were not 
different from controls; however, the 0.6% 
supplementation caused rats to maintain the 
lower weight.  However, it should be noted 
that the 0.6% dose was reported to be toxic 
based on cardiac issues in the rats (Minor et 
al., 2010).   In the present study, cats fed 8 
mg/kg BW did not differ in BW compared 
with cats fed the control diet.  The absence 
of a BW change is not surprising consider-
ing the equal caloric intake for the cats on 
the study.

Dietary MH treatment affected EE (kcal/
hr) in the fasted and post-prandial states. 
However, there were no specific time-point 

Test Control

Day 1 Day 22 Day 1 Day 22 P-Value

Fasted

Glucose2 76.3 ± 3 82.0 ± 3 79.5 ± 2 82.6 ± 2 0.5973

Insulin2 5.4 ± 0.8 5.5 ± 0.8 4.6 ± 0.9 6.2 ± 0.9 0.2494

G: I 0.43 ± 0.05 0.51± 0.06 0.54± 0.05 0.46± 0.06 0.6153

NEFA2 0.44 ± 0.2 0.45 ± 0.2 0.48 ± 0.3 0.46 ± 0.3 0.5591

MH2 175.2 ± 19*a 198.1 ± 19**a NSb NSb <.0001

Fed 
(4 hr Post-Prandial)

Glucose 87.7 ± 4* 100.4 ± 4** 89.7 ± 4* 100.7 ± 4** 0.7747

Insulin 9.3 ± 2 9.3 ± 2 9.1 ± 2 9.5 ± 2 0.8628

G: I 0.40 ± 0.06 0.46 ± 0.07 0.32 ± 0.06 0.41 ± 0.07 0.0577

NEFA 0.22 ± 0.02 0.23 ± 0.02 0.21 ± 0.02* 0.28 ± 0.02** 0.1129

MH 2719.5 ± 126a 2915.0 ± 126a NSb NSb <.0001

Table 4: The effects of MH and length of exposure on blood plasma metabolites in adult do-
mestic cats consuming a control (-MH) and test (+MH) diet after acute (Day 1) and chronic 
(Day 22) exposure.1

1Values are least-square means ± SEM, n = 20. Means compared across day (Day 1 vs. Day 22) within diet without a 
common superscript (*) differ, P < 0.05. Means compared between diet (Control vs. Test) within day (Day 1 or Day 
22) without a common superscript (letter) differ, P<0.05. NS, P≥ 0.05. P-value presented refers to the diet*exposure 
effect of treatment.  2Glucose (mg/dL), insulin (uUl/mL), NEFA (mEq/L) and MH (mg/dL).
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differences over the 22-hr respiratory sam-
pling period despite cats fed the test (+MH) 
diet having greater EE than cats fed the con-
trol diet. To date, there is no consensus in the 
scientific literature if CR and CRM decrease 
or increase respiration rates in mammals.  
However, it may be necessary to standardize 
EE findings by correcting for differences in 
body weight and body composition for CR 
and control subjects due to reduced  BW and 
percent body fat in CR animals.  It has been 
reported that EE adjusted for body weight 
and fat mass declines with CR (Dulloo and 
Girardier, 1993; Gonzalez-Pachero et al., 
1993; Rothwell and Stock, 1982; Santos-
Pinto et al., 2001).  In contrast, others report 
no change in EE with CR particularly if EE 

is adjusted for body composi-
tion (Keesey and Corbet, 1990; 
Even and Nicolaidis, 1993; 
Ballor, 1991; Masoro et al., 
1982; McCarter et al., 1985; 
McCarter and Palmer, 1992; 
Ramsey et al., 2000) while oth-
ers report   increased EE when 
adjusted for changes in body 
composition at 40% CR in rats 
(Selman et al., 2005).  There 
are limited data regarding the 
effect of CRMs on EE and the 
data available is contradictory. 
Dark et al., 1994, reported that 
hamsters subjected to a 1,500 
mg of MH/kg caused them 
to enter into a state of torpor 
which was hypothesized to be a 
consequence of reduced glucose 
availability.  IGF-1 knockout 
mice, designed to have reduced 
signaling through the IGF-1 and 
insulin pathways, have been 
shown to have an increased 
lifespan and improved insulin 
sensitivity with no changes in 
energy metabolism, including 
EE, compared to controls (Shi-
mokawa et al., 2002).  In our 
study, cats had greater EE when 
fed MH containing diets in the 
fed state.  The greater EE may 

have been attributed to decreased glucose 
availability for energy and a metabolic shift 
to fat oxidation to supply energy.  Unfortu-
nately, a shift in RQ was not observed in this 
study to support this hypothesis. An alterna-
tive hypothesis may be SIRT1 up-regulation.  
SIRT1 is a regulator of mitochondrial 
biogenesis and MH-induced changes in 
its gene expression may lead to increased 
mitochondrial function and  EE (Guarente, 
2006). Differences in results of the effects 
of CR on EE may be attributable to methods 
used to determine EE; for instance, doubly-
labeled water versus calorimetry, the state 
in which the measures of EE were taken 
(resting versus active) and whether or not 
changes in body size and composition were 

Figure 1: Plasma glucose (A), insulin (B) and MH (C) in 
adult domestic cats following the consumption of either a 
control (-MH) or test (+MH) diet during an IVGTT on day 
28 with and without MH treatment1.

1Values are least-square means (n=20), means within time points having 
different superscripts (*) are significantly different (P<0.05).



Intern J Appl Res Vet Med • Vol. 12, No. 2, 2014. 138

accounted for. Further research is warranted 
to determine if there is indeed a modifica-
tion in metabolic rate when animals are fed 
CRMs; however, the enhanced EE observed 
with MH treatment after 21 days presents a 
novel opportunity for such CRMs to be used 
for weight control in cats. 

There were no effects of dietary MH on 
RQ or relative amount of fat and CHO oxi-
dation in either the fasted or fed states.  This 
result was unexpected since MH supplemen-
tation typically causes a shift in macronutri-
ent oxidation from a principle reliance on 
glucose to an increased emphasis on fatty 
acid oxidation to meet energy demands 
(Bruss et al., 2010).  Increased fatty acid 
(FA) oxidation and decreased FA synthesis 
and glucose oxidation are hypothesized to 
be the underlying metabolic adaptations 
to CR (Bruss et al., 2010).  Similar results 
are observed in CRM strategies, like MH, 
designed to impact energy sensing pathways 
and competitively inhibit cellular usage of 
glucose.  Koh and Berdanier, 1974, studied 
the effects of a 20 mg dose of MH on the he-
patic synthesis of FA in rats and found that 
FA oxidation increased with MH treatment.  
The additional FA oxidation is likely a con-
sequence of increased release of NEFA into 
plasma by adipose tissue and enhanced he-
patic uptake of FA for oxidation as has been 
observed in MH treated rats (Mitzkat and 
Meyer, 1970; Simon et al., 1972).  Several 
other groups have reported that dietary MH 
supplementation reduces glucose oxidation 
in isolated islet cells of the mouse pancreas 
(Hedeskov et al., 1972; Ashcroft et al., 1970; 
Matschinsky et al., 1971).  The inhibitory ef-
fect of MH on glucose oxidation has further 
been supported by Sener et al., 1998, who 
noted pancreatic islet cells incubated with 
MH (1.0 mmol/L) had decreased glucose 
utilization in addition to glucose oxidation.  
Scruel et al., 1998, noted that other organs 
(liver and parotid cells) were less impacted 
than pancreatic islet cells on functional re-
sponses to glucose.  Overall, more research 
is needed to elucidate the effects of MH 
on fat and carbohydrate oxidation in cats.  
Similarly, the collection of fecal and urine 

nitrogen is warranted for nitrogen correction 
to provide a more accurate assessment of 
the relative amounts of fat and carbohydrate 
oxidation.  

There were no significant MH effects on 
fasted and fed glucose and insulin; however, 
there was a trend towards a higher G:I ratio 
with MH.  These results support those of 
previous findings that MH administration 
typically causes a decline of serum insulin 
leading to a hyperglycemia that is routinely 
observed in diabetics (Viktora et al., 1969).  
While increase plasma glucose was observed 
with the test (+MH) diet, and more unex-
pectedly with the control (-MH) diet, plasma 
insulin level numerically increased with 
the control (-MH) diet but not the MH diet.  
These results contributed to the trend for 
higher G:I ratio with MH dietary treatment.  
No change in plasma NEFA concentration 
was noted for the MH treatment; however, 
plasma NEFA concentration increased with 
prolonged exposure to the control (-MH) 
diet.  While reduced plasma NEFA levels 
are indicative of healthy body weight and 
composition, plasma NEFA concentrations 
typically decline with increased glucose 
oxidation.  As such, we expected increased 
fat oxidation with MH treatmen.  Elevated 
insulin also decreases plasma NEFA con-
centration (Jensen, 1998); therefore, the nu-
merical higher insulin levels associated with 
the consumption of the control (-MH) diet 
(Jensen, 1998) would have been expected to 
reduced NEFA concentration for cats fed the 
control (-MH) versus the test (+MH) diets. 
Overall, the cat demonstrated some reac-
tivity to MH treatment based on the post-
prandial elevations of plasma G:I; however, 
the elevated NEFA concentrations observed 
during control feeding are unexpected and 
further analysis of fatty acid metabolism 
during MH treatment is warranted to gain 
additional understanding. 

In conclusion, avocado-derived man-
noheptulose appears to affect some biomark-
ers of glucose metabolism and resulted in 
greater EE in the fed state.  It is plausible 
the differences in EE and glucose metabo-
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lism may impact body weight, composi-
tion and glucose/insulin profiles associated 
with long-term MH feeding and warrants 
further investigation.  In addition, the overall 
responsiveness of cats to MH may provide 
additional understanding of the nutritional 
and metabolic idiosyncrasies of the feline 
once the MH mechanisms of function has 
been further elucidated. 
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