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28 Abstract

29 Serum triglyceride concentrations increase in dogs in overweight condition, which is typically 

30 assessed by body condition score (BCS). However, their associations with other markers of 

31 energy homeostasis are poorly characterized. The present study aimed to evaluate the 

32 associations between both BCS and triglyceride levels and other markers of lipid and glucose 

33 metabolism in healthy dogs in overweight condition. 534 overweight, but otherwise healthy, 

34 client-owned dogs were included. Serum concentrations of cholesterol, free fatty acids, 

35 triglycerides, insulin, glucose and fructosamine were measured. Dogs were assigned to lean 

36 (BCS: 3-5) or overweight (BCS: 6-7) categories, and linear models were used to assess the 

37 differences between BCS categories and the associations between triglycerides and the other 

38 variables, correcting for the effect of breed. Globally, “overweight” dogs had greater serum 

39 cholesterol (95% CI: 5.3-6.2 mmol/L or 205-237 mg/dL versus 5.1-5.4 mmol/L or 198-210 
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40 mg/dl, P = .003), insulin (95% CI: 17.5-22.1 µU/ml versus 16.7-18.0 µU/ml, P = .036) and were 

41 older (95% CI: 4.0-5.3 versus 3.4-3.7 years, P = .002) than lean dogs. Triglyceride 

42 concentrations were positively associated with fructosamine (r2 = 0.31, P = .001), cholesterol 

43 (r2 = 0.25, P < .001), insulin (r2 = 0.14, P = .003) and glucose (r2 = 0.10, P = .002), and 

44 negatively associated with free fatty acids (r2 = 0.11, P < .001).  There was no association 

45 between triglyceride levels and age. In conclusion, both BCS and triglyceride concentrations 

46 were associated with other markers of glucose and lipid metabolism in overweight, but 

47 otherwise healthy dogs. Triglyceride concentrations were associated with an increase in insulin 

48 and fructosamine that might reflect an early-phase impairment in glucose tolerance which, 

49 surprisingly, was concurrent with lower basal free fatty acids.

50 Introduction

51 Metabolic syndrome (MS) is an entity comprising multiple cardiovascular and metabolic risk 

52 factors in humans, characterized by a state of chronic, subclinical inflammation (1). Features of 

53 human MS include combinations of increased visceral fat (abdominal obesity), systemic 

54 hypertension, increased circulating triglyceride (TG) concentrations, decreased high-density 

55 lipoprotein (HDL) cholesterol concentration, and increased fasting glucose concentration 

56 (suggesting insulin resistance) (2).  Human beings with MS have a greater risk of developing type 

57 2 diabetes mellitus (DM) and cardiovascular complications (2). 
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58 Dogs also suffer from obesity-related metabolic dysfunction (ORMD), but the term metabolic 

59 syndrome is avoided because, even though dogs share some of its components (such as 

60 hypercholesterolaemia, hypertriglyceridaemia and insulin resistance), they do not develop the 

61 obesity-related diseases that humans do, such as atherosclerosis, stroke or type 2 DM (3–6).  

62 Studies on canine ORMD have mostly examined dogs with manifest obesity, whilst metabolic 

63 dysfunction of dogs in overweight condition has been less well characterized, despite its known 

64 associated with comorbidities in the canine species (7–10).

65 Some people with obesity remain metabolically healthy, at least in the short term (11), during 

66 which time their risk of comorbidities is less, they do not develop insulin resistance, are 

67 normotensive, and concentration of glucose, TG, HDL cholesterol and high-sensitivity C-

68 reactive protein (hsCRP) is within reference limits (12). Conversely, some normal-weight 

69 individuals develop the characteristics of MS despite having a normal body fat mass (13). Such 

70 ‘metabolically unhealthy normal-weight’ people can be identified by a thorough biochemical 

71 assessment in which increased TG and C-reactive protein (CRP) concentration, as well as 

72 decreased HDL-cholesterol and adiponectin concentrations will be found (13). Similarly, 

73 different biochemical phenotypes have been described in obese dogs: adiponectin was lesser 

74 and plasma insulin was greater in obese dogs that met the criteria of ORMD (which were 

75 defined as having obesity plus two other criteria amongst TG > 200 mg/dL (2.26 mmol/L), total 

76 cholesterol > 300mg/dL (7.8 mmol/L), systolic blood pressure >160 mmHg, and fasting plasma 
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77 glucose > 100mg/dL (5.6 mmol/L), or previously diagnosed diabetes mellitus) as compared to 

78 obese dogs without ORMD (14,15).  

79 The aim of this study was to investigate associations amongst body condition score (BCS) and 

80 a range of metabolic variables associated with glucose and fat metabolism in a large cohort of 

81 healthy dogs in overweight condition, as compared to lean dogs, as well as to assess whether 

82 TG concentrations can be a marker for these metabolic variables.

83 Materials and methods

84 A canine database aimed at examining genetic determinants of disease (European LUPA project 

85 (16)) was retrieved. Five centres had participated in the original study between 2009 and 2010: 

86 University of Liège, University of Copenhagen, Swedish University of Agricultural Sciewnces, 

87 University of Helsinki, and the National Veterinary School of Maisons-Alfort (France). All 

88 centres used the same standardised protocols for recruitment and characterisation of dogs. The 

89 database was then retrospectively investigated for the purpose of the present work.

90 Dogs

91 This study was approved by the Ethical Committee of the LUPA project, and the informed 

92 consent of all owners was obtained (16). Client-owned, pure-bred dogs were recruited, and 

93 included different breed cohorts in order to represent a wide range of various phenotypic features. 

94 Dogs were 1 to 7 years old and were genetically unrelated. In order to minimise potential effects 
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95 of the oestrous cycle on metabolic parameters, each breed cohort comprised a single sex, namely 

96 intact males or female dogs that were spayed or in anoestrus (checked by a vaginal smear). Health 

97 status was checked through history, physical examination, laboratory analyses (including routine 

98 hematology and serum biochemistry), and a thorough cardiovascular investigation comprising 

99 ECG recording and echocardiographic examination. After visual assessment and palpation, each 

100 dog was assigned a BCS category using the one-to-nine point scale (17); dogs were then assigned 

101 to one of two body condition categories (lean, BCS 3-5; overweight, BCS 6-7) based on this 

102 score. Dogs were excluded if they showed clinical signs of any disease, were very underweight 

103 (BCS ≤2) or had obesity (BCS 8-9, as defined by Brooks et al. (18)).

104 Sampling

105 Three weeks before the study, owners were asked to feed their dogs exclusively with a 

106 commercial dry food diet of their choice, avoiding any treats or table food. Dogs were fasted for 

107 at least 12 hours before blood sampling and, after collection, blood was centrifuged within 30 

108 minutes and serum then aliquoted. In most centres, serum aliquots were immediately frozen at -

109 80°C; in the remaining centre, samples were frozen at -20°C for the first 2 weeks after collection, 

110 before being transferred to a -80°C thereafter. All samples were subsequently sent to the same 

111 laboratorya for analysis.

112 Analyses
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113 The analytes selected for the present study were chosen based on their reported association with 

114 obesity in humans and dogs (2,3,14,19–41). These included markers of lipid metabolism (e.g., 

115 cholesterol, TG and free fatty acids, FFA), glucose homeostasis (e.g., glucose, fructosamine, and 

116 insulin) and inflammation (CRP). A photometric clinical chemistry analyzer (Konelab 60i, 

117 Thermo Electron Co, Finland) was used to determine fructosamine, glucose, CRP, cholesterol 

118 and TG concentrations. Fructosamine and FFA concentrations were respectively assessed using 

119 Hariba ABX (Montpellier, France) and Wako Chemical Gmbh (Neuss, Germany). Insulin 

120 concentration was determined by radioimmunoassay, provided by DiaSorin S.p.A (Italy).

121 Repeatability of measurements

122 Ten dogs were randomly selected to send duplicates to the same laboratory three months after the 

123 first analyses. Coefficients of variation were 6% for insulin and ≤5% for FFA, cholesterol, TG, 

124 glucose and fructosamine.

125 Statistical analyses

126 Outliers were inspected with the Reference Value Advisor (42) using the Tukey method (43). 

127 Dogs with only one outlier were accepted and included in the analyses; those with more than one 

128 outlying value were excluded.

129 Preliminary tests
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130 Given that parametric tests were needed to test our hypotheses, all analyses were validated after 

131 checking the normal distribution of the residuals (evaluated by histogram observation and by a 

132 Shapiro-Wilk test), and a test of homoscedaticity (Breusch-Pagan test). If a particular analyte 

133 (dependent variable) did not pass the normality tests, a non-parametric equivalent test was used 

134 (e.g., Spearman’s Rank correlation or Mann-Whitney test). Statistical tests were performed with 

135 R free statistical software (44).

136 Effect of age on biochemical variables

137 The correlation between age and each of the analytes was calculated by Pearson’s method, and 

138 P-values <0.05 were considered to be statistically significant.

139 Effect of overweight status

140 In order to test for differences between lean and overweight groups, a linear model including 

141 BCS, breed and an interaction between BCS and breed was used for all biochemical variables. 

142 Normality was checked using the Shapiro-Wilk test and analytes with non-normal residuals were 

143 log-transformed. Type III sums of squares were used and differences with P-values <0.05 were 

144 considered to be statistically significant. Whenever a statistically significant interaction was 

145 found, associations within each breed were examined.  In this case, a Mann-Whitney test was 

146 used and the level of significance was corrected for multiple comparisons using a Bonferroni 

147 correction.

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 19, 2022. ; https://doi.org/10.1101/2022.09.19.508523doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.19.508523
http://creativecommons.org/licenses/by/4.0/


Page 9 sur 35

148 Effect of TG on the biochemical variables

149 Linear models including TG, the breed and an interaction between the breed and TG were used 

150 for each biochemical variable. Once again, P-values <0.05 were considered to be statistically 

151 significant. Whenever an interaction with the breed was significant, the association between TG 

152 and the outcome variable was tested within each breed, using Spearman’s correlation method. 

153 Once again, a Bonferroni correction was used to correct for multiple comparisons.

154 Results

155 Animals

156 In total, 534 dogs met the inclusion criteria, with 9 different breeds represented: Boxer (BOX, 

157 15 dogs), Belgian Shepherd Dog (BSD, 125 dogs), Cavalier King Charles Spaniel (CKCS, 35 

158 dogs), Dachshund (DACH, 40 dogs), Doberman (DOB, 39 dogs), Finnish Lapphund (FL, 45 

159 dogs), German Shepherd dog (GSD, 66 dogs), Labrador Retriever (LAB, 125 dogs), and 

160 Newfoundland (NF, 44 dogs).  All cohorts comprised only male dogs, except for the NF cohort, 

161 that comprised only females, and the LAB cohort, that comprised dogs of both sexes (73 females 

162 and 52 males). Some breeds were unique to one centre while others were shared among centres. 

163 Distribution of dogs by centre, breed, and gender is shown in Table 1. All outliers were used in 

164 the statistical analyses, since they were considered compatible with physiological values, and 

165 no dog showed more than one outlier result.
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166 Table 1. Distribution of dogs by centre, breed, and sex

Belgium Denmark Finland France Sweden Total

BSD 97M 28M 125

BOX 15M 15

CKCS 35M 35

DACH 24M 16M 40

DOB 39M 39

FL 45M 45

GSD 17M 49M 66

LAB 7M 44F 29F 45M 125

NF 44F 44

Total 121 88 118 96 111 534

167 M, Male ; F, Female ; BOX, Boxer; BSD, Belgian Sheperd Dog; CKCS, Cavalier King Charles 

168 Spaniel; DACH, Dachshund; DOB, Doberman pinscher; FL, Finnish Lapphund; GSD, German 

169 Shepherd Dog; LAB, Labrador retriever; NF, Newfoundland.
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170 Median BCS was 3 in FL (interquartile range, IQR: 3-4); 4 in GSD (IQR: 3-4), DACH (IQR: 

171 3-5), BSD (IQR: 4-5) and BOX (IQR: 4-5); 5 in DOB (IQR: 5-5), CKCS (IQR: 5-6) and NF 

172 (IQR: 5-6); and 5.5 in LAB (IQR: 5-6). Seventy-one percent of the dogs (409) were in the lean 

173 category, while 29% (120 dogs) were overweight. Table 2 shows the distribution of BCS 

174 amongst breeds.

175 Table 2. Distribution of dogs by breed and BCS.

BCS 2 BCS 3 BCS 4 BCS 5 BCS 6 BCS 7

BOX - - 8 4 3 -

BSD 1 22 45 51 5 1

CKCS - - - 20 15 -

DACH - 11 12 11 6 -

DOB - - 2 33 4 -

FL - 24 12 6 2 1

GS 1 22 35 4 1 -
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LAB - 1 8 53 59 4

NF - - - 23 15 4

TOTAL 2 80 122 205 110 10

176 BCS, Body Condition Score ; BOX, Boxer; BSD, Belgian Sheperd Dog; CKCS, Cavalier King 

177 Charles Spaniel; DACH, Dachshund; DOB, Doberman pinscher; FL, Finnish Lapphund; GSD, 

178 German Shepherd Dog; LAB, Labrador retriever; NF, Newfoundland.

179 Analyses were validated after successfully testing for normal distribution of the residuals and 

180 homoscedaticity.  CRP was the only variable that did not succeed the tests and was, therefore, 

181 assessed with nonparametric methods.

182 Association between age and biochemical variables

183 There was no effect of age on any analyte tested (cholesterol, P=0.49; FFA, P=0.88; TG, 

184 P=0.55; CRP, P=0.34; insulin, P=0.18; glucose, P=0.65; fructosamine, P=0.11).

185 Effect of overweight status on biochemical variables

186 After normalisation for the effect of the breed, dogs in the overweight category were older 

187 (P=0.002) and had greater plasma insulin (P=0.036) and cholesterol (P=0.003) concentrations 

188 than lean dogs.  An interaction between BCS category and breed was also identified for both 
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189 TG and cholesterol (Table 3): in this respect, cholesterol concentration was greater in 

190 overweight BOX (P=0.020) and CKCS (P=.0005) compared with their lean counterparts; 

191 overweight CKCS also had greater TG than lean CKCS (P=0.002). These differences are 

192 illustrated in Fig 1.

193 Table 3. Results of ANOVA. Effect of BCS category, and its interaction with the effect of the 

194 breed, on age (years) and on concentrations of insulin, fructosamine, glucose, cholesterol, free 

195 fatty acids, and triglycerides in overweight and lean dogs. Data are presented as mean and 95% 

196 confidence intervals.

Lean Overweight BCS 

category, p-

value

Interaction 

between BCS 

category and 

breed, p- value

Age (years) 3.5

(3.4-3.7)

4.4

(3.9-4.9)

0.0005a 0.3405

Insulin (pmol/l) 120.1

(113.2-125.7)

131.3

(122.2-141.7) 0.0374a 0.1289
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Insulin (µU/ml) 17.3

(16.7-18.1)

18.9

(17.6-20.4)

Fructosamine 

(µmol/l)

287.1

(283.6 – 290.6)

289.7

(283.2 – 296.2)

0.4951 0.4560

Glucose (mmol/l) 0.05

(0.05-0.05)

0.05

(0.05-0.06)

Glucose (mg/dl) 0.98

(0.97-0.99)

0.99

(0.97-1.01)

0.3828 0.6783

Cholesterol 

(mmol/l)

5.3

(5.1-5.4)

5.7

(5.3-6.2)

Cholesterol 

(mg/dl)

204

(198-210)

221

(205-237)

0.0032a 0.0006b

FFA (mEq/l) 0.87

(0.83-0.91)

0.86

(0.78-0.93)

0.7657 0.7529
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Triglycerides 

(mmol/l)

0.005

(0.005-0.005)

0.005

(0.005-0.006)

Triglycerides 

(mg/dl)

0.43

(0.42-0.45)

0.45

(0.40-0.51)

0.9716 0.0019b

197 FFA, free fatty acids.

198 a Significant effect of the BCS category for a level of confidence of 0.05.

199 b Significant interaction between breed and BCS category, for a level of confidence of 0.05.

200 Fig. 1. Box plots showing serum cholesterol (A and B) and triglyceride (C) concentrations in 

201 Boxer (BOX) and Cavalier King Charles Spaniel (CKCS). Bonferroni-corrected p-value of 

202 0.0056. The lower, middle and upper line of each box represent the 25th percentile (bottom 

203 quartile), 50th percentile (median) and the 75th percentile (top quartile). The whiskers, where 

204 present, represent the minimum and maximum. Outliers, represented by open circles, were 

205 included in the analyses.

206 Associations between TG concentration and markers of ORMD

207 After normalisation for the effect of the breed, TG concentrations were positively associated 

208 with fructosamine (P=0.001), cholesterol (P<0.001), insulin (P=0.003) and glucose (P=0.001) 

209 concentrations, and negatively associated with FFA (P<.0001). Results are shown in Table 4. 
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210 The interaction between TG and breed was significant when testing insulin concentration as the 

211 dependent variable and, in the intra-breed analyses, there was a positive association between 

212 TG and insulin concentrations in several breeds (Table 5).

213 Table 4. Association between triglyceride concentration and insulin, fructosamine, glucose, 

214 cholesterol, and free fatty acids. The r2 corresponds to the predictive percentage attributed to 

215 the whole linear model, which included the main effects of both triglycerides and breed (plus 

216 their interaction, when significant) as explanatory variables.

Adjusted r2 Triglyceridaemia,

p-value

Interaction between triglyceridaemia 

and breed, p-value

Insulin 0.16 0.0030a 0.0101b

Fructosamine 0.31 0.0013a 0.0711

Glucose 0.10 0.0014a 0.7750

Cholesterol 0.25 <0.0001a 0.1572

FFA 0.10 <0.0001a 0.0645

217 FFA, free fatty acids.

218 a Significant effect of triglyceridaemia, for a level of confidence of 0.05.
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219 b Significant interaction between breed and triglyceride concentrations, for a level of confidence 

220 of 0.05.

221 Table 5. Correlations between triglyceride concentration (mg/dl) and insulin (µU/ml) within 

222 individual breeds. Spearman’s rank correlation test.

Breed p-value Spearman’s R

BOX 0.0066 0.67

BSD 0.0008 0.30

CKCS 0.5361 0.11

DACH 0.0819 0.28

DOB 0.0515 0.39

FL 0.6246 -0.07

GS 0.1973 0.16

LAB 0.0305 0.20

NF 0.1018 0.26
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223 BOX, Boxer; BSD, Belgian Sheperd Dog; CKCS, Cavalier King Charles Spaniel; DACH, 

224 Dachshund; DOB, Doberman pinscher; FL, Finnish Lapphund; GSD, German Shepherd Dog; 

225 LAB, Labrador retriever; NF, Newfoundland.

226
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227 Discussion

228 Two main findings can be highlighted from this large cohort of dogs recruited from various 

229 European countries. First, insulin and cholesterol concentrations are increased in dogs in 

230 overweight body condition; second, fasting TG concentrations are positively associated with 

231 cholesterol, glucose, fructosamine and insulin, but negatively associated with FFA. Previous 

232 studies, often experimental, have reported increased insulin, cholesterol and TG concentrations 

233 in obese dogs. However, the “overweight” group in those studies invariably comprises either 

234 some or all dogs in obese body condition (BCS 8-9) (14,19,23,35–38,45–47). To the best of our 

235 knowledge, the present study is the first to report similar changes in a large group of dogs in 

236 overweight condition only (BCS 6-7). Currently, consensus does not exist on when 

237 accumulated adipose tissue becomes pathologicial in dogs and, in some previous studies, dogs 

238 with BCS 6/9 have been included in the “ideal weight” group, together with BCS 4 and BCS 5 

239 (32,48,49). Conversely, some studies have examined “mildly to moderately overweight” dogs 

240 separately from “obese” dogs and found both groups to be at greater risk for developing 

241 comorbidities, suffering from a poorer quality of life and having a shorter life-expectancy (7–

242 10). For example, Kealy et al. (2002) found that long-term food-restricted Labrador Retriever 

243 dogs had a longer life span and delayed onset of chronic diseases as compared to a control group 

244 (8). There was a mean difference of 26% between groups, which was reflected by a difference 

245 in BCS (mean BCS 4.6 +/- 0.19 in the food-restricted group, versus BCS 6.7 +/- 0.19 in the 

246 control group). In the present study, insulin and cholesterol concentrations were significantly 
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247 greater in a cohort of overweight dogs (median = 6; IQR = 0; mean BCS = 6.1; range, 6 – 7) 

248 than in their lean counterparts (median BCS = 5; IQR =1; mean BCS = 4.3; range, 2 – 5).

249 In addition to the main effects, both TG and cholesterol concentrations were affected by an 

250 interaction between overweight status and breed. When such an interaction between two 

251 independent variables is found, interpretation of the main effects alone may be misleading and, 

252 therefore, each category (in this case, individual breeds) should be investigated independently 

253 (50). In this respect, compared with lean status, overweight status was associated with greater 

254 TG concentrations in the CKCS, and also greater cholesterol concentrations in both BOX and 

255 CKCS breeds. We hypothesize that the positive results within these breeds might be related to 

256 the experimental design of the present study, rather than a breed-specific cause. 

257 Hyperinsulinaemia is thought to be key in obesity-related disorders in humans (51). Even 

258 though hyperinsulinaemia is also a feature of canine obesity, dogs do not develop the same 

259 outcomes as humans with MS (14), suggesting that significant physiological and 

260 pathophysiological differences might exist between these species (3). In the current study, 

261 overweight status in dogs was associated with increased concentrations of insulin and 

262 cholesterol, which might be interpreted as an early evidence of ORMD. These changes, 

263 although mild and likely not clinically relevant, might contribute to the long-term consequences 

264 of fat accumulation (i.e., reduced lifespan and quality of life, rapid onset of comorbidities) that 

265 have been described in overweight dogs (7–10). 
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266 In contrast to TG and cholesterol, FFA concentrations were not different between dogs in the 

267 overweight and lean categories.  Previous studies have shown that both humans and dogs with 

268 obesity have increased FFA concentrations, possibly because their concurrent insulin resistance 

269 leads to a lack of insulin-mediated suppression of lipolysis (36,37,46,51); further, FFA are 

270 considered to be key mediators in the pathogenesis of obesity-induced insulin resistance (51). 

271 Therefore, the degree of adiposity in the dogs of the current study might have been less than 

272 that required to affect circulating FFA concentrations.

273 Fasting hyperglycaemia is seen in humans with obesity (52), and is a risk factor for progression 

274 to type 2 DM (2). In dogs, type 2 DM has not been convincingly described (53,54), but the 

275 incidence of diabetes mellitus has increased in the last years, paralleling the increase in obesity 

276 (8,55,56), whilst several studies report obesity to be a risk factor (57,58).

277 In the current study, there was no difference in glucose concentrations between the dogs in the 

278 overweight and lean categories. Several canine studies have identified changes in glucose 

279 concentration associated with overweight status, weight gain and weight loss (39–41,59), but 

280 no such association is evident in other studies (14,19–21,24,35,37,60,61). In the present study, 

281 fructosamine concentration was did not differ between the dogs in the overweight and lean 

282 categories.

283 Fructosamine is not often included in studies on canine obesity. One study found greater 

284 fructosamine concentrations in insulin-resistant, but not insulin-sensitive, dogs with obesity 
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285 (27). The influence of obesity on fructosamine concentrations in humans is believed to be mild 

286 (28,29).

287 Some of the breeds included in the current study were overrepresented in the overweight 

288 category. This finding was expected for both LAB (62,63) and NF (18), breeds that have 

289 previously been reported to be predisposed to obesity (18,30,62,63). In contrast, some other 

290 obesity-prone breeds were under-represented in the overweight category, for example, there 

291 were only 15% and 20% of overweight dogs in the  DACH and BOX categories, respectively 

292 (30).

293 There was no difference in CRP concentration between dogs in the overweight and lean 

294 categories. CRP is a marker of inflammation and is increased in humans with obesity (31). 

295 Subclinical inflammation is also a feature of obesity in dogs, and some authors have found a 

296 positive association between CRP and either obesity or weight loss in dogs (20,32).  However, 

297 this finding is inconsistent, and it was not evident in other studies (33,35,41,64). In one study, 

298 CRP concentrations were less in dogs with obesity (34). 

299 When assessing TG as an independent marker of ORMD in the dogs of the current study, 

300 positive associations with glucose, fructosamine, insulin and cholesterol were identified, whilst 

301 TG concentration was negatively associated with FFA. In people, plasma TG concentration is 

302 an independent predictor of MS (65). TG concentration, both independently and alongside other 

303 biochemical variables (such as insulin, hsCRP, adiponectin and HDL-cholesterol), can predict 
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304 a greater risk of type 2 DM and cardiovascular complications even in normal-weight humans, 

305 and this analyte might be a more sensitive marker than the common definition of MS (66). Also, 

306 studies in children have shown that a decrease in TG concentration following a low-fat diet, 

307 was associated with healthier metabolic profiles even though no significant changes in BCS 

308 were observed (67).

309 In one study, dogs with concurrent obesity were grouped according to the presence of metabolic 

310 dysfunction using criteria similar to those of human MS (14); dogs were classified as having 

311 so-called ORMD when BCS was between 7 and 9 and there were abnormalities in at least two 

312 of the following: triglycerides, total cholesterol, systolic blood pressure and fasting plasma 

313 glucose concentrations (14). The dogs classified in this way as ORMD did not have a greater 

314 total fat mass than those without ORMD, but insulin concentration was greater and adiponectin 

315 concentration was lower than in obese dogs not meeting the criteria for ORMD. This suggested 

316 that the assessment of metabolic risk could help to classify dogs at risk of obesity-associated 

317 comorbidities. According to the results of the current study, plasma TG concentration, used as 

318 an only explanatory variable and correcting for the effect of the breed, were associated with 

319 metabolic variables but not BCS, including greater glucose and fructosamine concentrations. 

320 Of course, this finding should be interpreted in light of the fact that none of the  dogs were in 

321 obese body condition (BCS 8 to 9). To the author’s knowledge, an association between TG and 

322 glucose and fructosamine has not been previously reported in dogs, and might suggest an 

323 association between increased glucose concentration and altered lipid metabolism. 
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324 Fructosamine is seldom researched in studies of human MS, but has been linked to 

325 cardiovascular outcomes, whilst its concentration increases with dyslipidaemia, including an 

326 association with triglyceride concentration (68).

327 Another important finding of the present study was the association between fasting TG and 

328 insulin concentrations which, to the best of the authors’ knowledge, has not previously been 

329 described in healthy dogs. Increased TG concentrations are commonly associated with insulin 

330 resistance and type 2 DM in humans, and are considered to be the central feature of the 

331 dyslipidaemia that is present in these states (69–71). In dogs, it has been suggested that 

332 hypertriglyceridaemia is favoured by an increased supply of substrates to the liver (especially 

333 glucose and FFA) in insulin-resistant states (36).

334 In a study involving dogs with obesity, insulin concentration was less in a subgroup of 

335 persistently-hyperglycaemic dogs compared with obese dogs that were not persistently 

336 hyperglyacemic. Given that TG concentrations were also less in persistently-hyperglycemic 

337 obese dogs, it was hypothesised that TG might play a role in compensatory hyperinsulinaemia 

338 (and that a lack of TG could cause a decrease in insulin compensation for hyperglycaemia) (23). 

339 In a study involving healthy people without insulin resistance, there were differences between 

340 a control group, who responded to a TG infusion with an increase in insulin secretion, and a 

341 group with a family history of type 2 DM, who experienced a decrease in insulin secretion, as 

342 well as marked hepatic insulin resistance (72). This suggests that insulin responses vary greatly 

343 in different physiological states, and this should be considered in future studies
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344 FFA concentrations tend to be greater in insulin-resistant humans, since insulin resistance leads 

345 to a decreased insulin-mediated inhibition of lipolysis and, as a result, FFA concentrations tend 

346 to increase (51). Furthermore, FFA are thought to be mechanistically involved in the 

347 pathophysiology of obesity-induced insulin resistance (51). In studies involving dogs with 

348 obesity, FFA concentrations increase and contribute to insulin resistance (36,37,46,69). 

349 However, in the present study, FFA and TG concentrations were negatively associated. This 

350 was unexpected given that increasing TG concentrations were also associated with greater 

351 insulin, glucose and fructosamine concentrations, changes that are evocative of ORMD, and 

352 ORMD is commonly associated with increased circulating FFA (51). One possible explanation 

353 is that the severity of insulin resistance in the dogs of the present study was mild, or in the early 

354 stages, primarily affecting the liver but not peripheral tissues (i.e., insulin is not able to inhibit 

355 hepatic glucose production but it is effectively inhibiting lipolysis at the peripheral level). This 

356 dissociation between hepatic and peripheral insulin resistance has previously been described 

357 (73). An alternative explanation for the decreased FFA concentration, such as enhanced FFA 

358 oxidation, seems unlikely given the other changes (increasing insulin, glucose, and 

359 fructosamine), which are evocative of ORMD.

360 The positive association between serum TG and cholesterol has been previously described in 

361 overweight dogs and was therefore expected.

362 Given that some breeds were overrepresented in the overweight category, the risk of 

363 misinterpreting an effect of the breed with an effect of overweight was a concern. However, the 
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364 linear models used were corrected for the effect of the breed, and some effects were evident 

365 even in overweight dogs within single breeds. A sex effect was not assessed because, besides 

366 for Labrador retrievers, the study design meant that sex was covariate with breed. As a result, 

367 correction for the breed effect in the ANOVA and in the linear models would automatically 

368 correct for any effect of sex in most cases.

369 One limitation of the current study was that the BCS is an imperfect measure of body fat mass, 

370 and is influenced by many factors, including differences in breed morphologies and fat 

371 distribution (60). Further, subjectivity when assigning BCS might have led to the 

372 misclassification of some dogs, especially those examined at different centres. However, the 

373 same investigator was responsible for the assessment in each one of the five centres, and in all 

374 cases they were highly trained veterinarians that are expected to correlate greatly (74). 

375 Therefore, the associations found in the present study further support the utility of the BCS as 

376 a universal system to estimate fat excess.  Different analysis combinations could have been used 

377 with BCS categories, but BCS 6 was chosen since it is a widely-accepted cut-off in every-day 

378 practice (7,17,18,60,75).

379 When assigning dogs to the overweight or lean categories, there was a predominance of dogs 

380 in the lean category in most breeds (≥80% in most breeds, except for CKCS, NF and LAB, 

381 which approached 50% in each category). Such an imbalance might have made it more difficult 

382 to identify statistically significant differences between lean and overweight categories within 

383 specific breeds that had a small number of overweight dogs. Of course, the limitations for 
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384 comparisons made between overweight and lean categories would not apply to comparisons 

385 with TG concentrations, whose measurement is more accurate than the assessment of BCS. 

386 This might have ensured a greater statistical power, explaining the increased number of 

387 significant associations with the metabolic variables assessed.

388 Some may argue that an effect of the diet should have been included in the analyses. However, 

389 this study was designed not to test for this parameter, but rather assess a cohort with 

390 heterogeneous diets, representative of a client-owned population of dogs. Therefore, no 

391 restriction was imposed in terms of diet, as long as the dogs had only access to a commercial 

392 dry food diet and received no supplement during the three weeks preceding the analyses.

393 Conclusions

394 Both BCS and serum TG concentrations were independently associated with changes in 

395 markers of lipid and glucose metabolism in this large cohort of slightly overweight, otherwise 

396 healthy dogs. Non obese, overweight (6-7) body condition was positively associated with 

397 insulin and cholesterol concentrations whilst TG concentrations were positively associated with 

398 cholesterol, insulin, glucose, and fructosamine concentrations, and negatively associated with 

399 FFA concentrations. Therefore, both BCS and fasting TG concentration seem to be useful 

400 markers of ORMD-related changes in dogs. Further analyses using more complex multivariate 

401 models are needed to better characterize the interplay between these biochemical analytes.

402
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