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Abstract 10 

This study investigated the effects of corn resistant starch (RS) on the anti-obesity properties, nutrient 11 

digestibility, and blood parameters in healthy beagles. Four spayed and six castrated beagle dogs were divided into a 12 

control group (CON) with a diet comprising rice and chicken meal and a treatment group (TRT) with a diet comprising 13 

corn with an increased RS content by heating-cooling and chicken meal. All dogs in the CON and TRT groups were 14 

fed a 1.2-fold higher energy diet than the daily recommended energy requirement for 16 weeks. Throughout the study 15 

period, the body weight of dogs in CON increased, whereas no change in body weight was observed in TRT, resulting 16 

in a significant difference in body weight between the two groups at the end of the experiment. Moreover, a significant 17 

reduction in the apparent total tract digestibility was observed upon the analysis of dry matter, nitrogen-free extract, 18 

and organic matter in TRT compared with that in CON. The complete blood cell composition and biochemical 19 

parameters were within the reference range in both groups. A significant increase in the concentration of serum 20 

adiponectin was found in TRT at the end of the experiment. These results suggest that the corn RS may be beneficial 21 

for weight management owing to its reduced nutrient digestibility. 22 

 23 

Keywords: Weight management; Resistant starch; Obesity; Canine; Adiponectin; Nutrient digestibility 24 
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Introduction 27 

Obesity is a physiological state defined by an excessive accumulation of adipose tissue in the body. Although 28 

controversial, canine obesity is generally defined as over 20% of the ideal weight of adult dogs depending on the 29 

variety, body size, and age [1]. Additionally, the obesity of dogs can be estimated by body condition score based on 30 

observation and palpation [2]. Globally, the obesity rate in companion dogs is estimated to be approximately 59%, 31 

and it is increasing yearly [3]. This trend directly causes an increase in the health care cost incurred by the pet owner 32 

[4]. Diseases associated with obesity in humans such as musculoskeletal disorders, cardiovascular diseases, diabetes, 33 

and osteoarthritis are also observed in dogs, as they experience severe health complications and deterioration when 34 

obese [5]. These diseases also cause several metabolic disorders [6, 7] which reduce the life span [8] and quality of 35 

life [9] of companion dogs. Hence, obesity prevention and weight control in companion dogs is an important social 36 

issue and a prerequisite for animal welfare. Obesity, in animals and people, is attributed to an imbalance between 37 

energy intake and energy expenditure caused by excessive food intake and insufficient physical activity [10]. Although 38 

restriction of food to reduce energy intake may result in a temporary reduction in body weight, it is not a successful 39 

strategy for the long-term goal of weight control [11]. In addition, there are practical difficulties associated with weight 40 

control of companion dogs, because it requires active intervention and a strong will of dogs and pet owners. To achieve 41 

successful long-term weight control in companion dogs, it is essential to provide a nutritionally balanced diet 42 

composed of ingredients that keep obesity in check. 43 

Resistant starch (RS) has physiological functions similar to dietary fibers; it is degraded by the gut microbiota 44 

but not by the digestive enzymes in monogastric animals [12]. RS has been classified into five types by their features: 45 

RS type 1 is the starch of physically inaccessible to enzymes, RS type 2 is high-amylose starch, RS type 3 is 46 

retrograded starch that is formed mainly due to heating-cooling cycle, RS type 4 is chemically modified starch, and 47 

RS type 5 is the formation of starch that the amylose-lipid complex [12, 13]. Hence, RS reduces blood glucose and 48 

body fat mass, and enhances insulin sensitivity [14–16]. In rats, the intake of RS not only reduces body fat mass [17] 49 

but also the size of the mesenteric fat [16, 18]. In a clinical study, the intake of RS triggered the expression of genes 50 

encoding hormone sensitive lipase, adipose triglyceride lipase, and perilipin, which are attributed to lipid metabolism; 51 

RS also decreased the level of homeostatic model assessment for insulin resistance [19]. Several studies have reported 52 

the positive anti-obesity effect of RS; however, only a few studies have analyzed RS feed in dogs while monitoring 53 

the digestibility and postprandial blood glucose. Moreover, to date, no study has associated RS supplements with anti-54 

obesity in canines. Therefore, this study was conducted to investigate the anti-obesity potential effects of corn starch 55 
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with an increased RS content in healthy adult beagle dogs. We evaluated the anti-obesity effects of corn RS feeding 56 

on body weight, nutrient digestibility, and obesity-related hormones in beagles. 57 

 58 

 59 

Materials and Methods 60 

Ethics statement 61 

All animal experiments were approved by the Institutional Animal Care and Use Committee of the National 62 

Institute of Animal Science, South Korea (Approval Number: NIAS-2019-370). Dogs used in this study were observed 63 

according to the ethical guidelines for animal protection. 64 

 65 

Animals and experimental design 66 

Four spayed beagle dogs and six castrated beagle dogs (2.9 ± 0.05 years) were enrolled and divided into a 67 

control group (CON, n = 5, two females and three males) and fed a diet consisting of rice and chicken breast meal, 68 

and a treatment group (TRT, n = 5, two females and three males) and fed a diet of corn-resistant starch and chicken 69 

breast meal. Each dog was housed in an independent room (170 cm × 210 cm) maintained at consistent room 70 

temperature (22 ± 1℃) and 60 ± 10% relative humidity during the study period. Each dog was fed twice a day at 10:00 71 

and 16:00 h with a 1.2-fold higher intake (132 kcal × kg BW0.75) than the daily recommended metabolic energy 72 

requirement (MER) suggested by the European Pet Food Industry Federation (FEDIAF). The dogs were provided ad 73 

libitum drinking water [20]. For the last week of the experiment, each experimental diet containing 0.5% chromium 74 

oxide was provided to the CON and TRT groups. The amount of feed intake was recorded each day and the body 75 

weight was measured every two weeks. The rate of body weight change was calculated by dividing the body weight 76 

for each week measured at 2-week intervals by the initial body weight (0 weeks), and multiplying by 100. Data for 77 

each individual were tested as replicates. 78 

 79 

Diets  80 

The heating-cooling cycle to increase the RS (type 3) content of corn starch was as follows; steam heating at 81 

over 100℃ for 30 min, and cooled at 4℃ for 24 hours. The RS content in rice, corn starch, and experimental diets 82 

was measured using Megazyme RS assay kit (K-RSTAR, Megazyme, CT, USA), according to the manufacturer’s 83 

manual. The RS content of rice and corn starch was 2.33% and 6.69%, respectively, and the degree of starch 84 
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degradation by amylase enzyme in vitro was 97.0% and 92.5%, respectively. The rice and corn starch with increased 85 

RS content were used as raw ingredients for each experimental diet. 86 

Diets were prepared according to a previously described method with minor modifications [21]. The raw 87 

materials of the diets were commercially available as food products that were mixed, heated, molded, cut, dried, and 88 

cooled. The experimental diets used to evaluate nutrient digestibility were prepared separately using the same method; 89 

each experimental diet was supplemented with 0.5% chromium oxide. Table 1 lists the formulation ratios and chemical 90 

compositions of the diets used in this study. 91 

 92 

Sampling and analysis 93 

Blood samples were collected from the anterior cephalic vein after the dogs were subjected to fasting for at least 94 

16 h at the beginning (0 weeks) and the end (16 weeks) of the experiment. The collected blood was immediately 95 

divided between EDTA vacutainer tubes (ref 367861, BD Vacutainer, NJ, USA) and serum vacutainer tubes (ref 96 

367812, BD Vacutainer, NJ, USA). The blood collected in the EDTA tubes were used in the complete blood cell count 97 

(CBC) analysis using an automated blood analyzer ProCyte Dx (IDEXX Laboratories Inc., Westbrook, ME, USA) 98 

immediately after collection. The blood collected in the serum vacutainer tubes were centrifuged at 1,650 × g for 15 99 

min to separate the serum; the serum supernatant was stored at -80℃ until further use. Serum biochemical composition 100 

analysis was performed using an automated biochemistry analyzer, Hitachi 7180 (Hitachi High-Technologies Co., 101 

Tokyo, Japan). Adiponectin (MBS2607889, MyBioSource, USA), immunoglobulin G (IgG, ab157701, Abcam, UK), 102 

interleukin-6 (IL-6, ab193686, Abcam, UK), insulin (MBS031096, MyBioSource, USA), leptin (MBS037935, 103 

MyBioSource, USA), and tumor necrosis factor-α (TNF-α, ab193687, Abcam, UK) were measured by enzyme-linked 104 

immunosorbent assay using a microplate spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) in 105 

duplicates, according to the manufacturer’s instructions. 106 

 107 

Apparent total tract nutrient digestibility 108 

The feces of the dogs were collected for five days after the dogs fed a diet containing 0.5% chromium oxide. 109 

The fecal samples were stored at -20℃ until analyses. The diets and fecal samples were dried in a hot-air oven at 75℃ 110 

and homogenized for further analyses. The chemical composition of the diets and fecal samples were analyzed 111 

according to standard Association of Official Analytical Chemists methods [22]. Nutrient digestibility was calculated 112 

using the following equation: 113 
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Digestibility (%) = 100 – (
Cr input(feed) × Nutrient output(fecal)

Cr output(fecal) × Nutrient input(feed)
) × 100 114 

 115 

Statistical analysis 116 

All statistical analyses were performed using SPSS version 17.0 (SPSS Statistics, IL, USA). The data were 117 

presented as mean ± standard error of the mean (SEM). All data were analyzed using the student’s t-test. Time-118 

dependent changes between 0 and 16 weeks were analyzed using a paired t-test. Differences were considered 119 

statistically significant when p < 0.05. 120 

 121 

Results 122 

Diet intake, body parameters, and nutrient digestibility 123 

To promote weight gain, the dogs were fed a diet with a 1.2-fold increase in the MER. The metabolizable 124 

energy intake was 941.9 ± 40.09 kcal/day in CON and 944.8 ± 51.99 kcal/day in TRT groups, indicating no significant 125 

variation (p = 0.966; Table 2). The body weight of dogs in each group after 16 weeks was 15.1 ± 0.96 kg in CON and 126 

14.1 ± 1.42 kg in TRT, which indicated a lower body weight increase in TRT than in CON (p < 0.05). Compared to 127 

the start of the experiment, the body weight gain (BWG) increased by 1.4 ± 0.24 kg in CON, whereas a marginal 128 

increase in BWG of 0.22 ± 0.42 kg was observed in the TRT groups (p < 0.05). Consequently, the feed conversion 129 

ratio (FCR) was 4.0 ± 0.55 in CON and 0.4 ± 1.19 in TRT after 16 weeks, indicating that the FCR was lower in TRT 130 

than in CON (p < 0.05). Considering the individual variations in body weight, the final body weight was normalized 131 

using the initial body weight (Figure 1).  132 

The rate of change in body weight was lower in TRT than in CON after ten weeks (p < 0.05; Figure 1A). In 133 

addition, the rate of change in body weight in CON was higher at 16 weeks compared to at 0 weeks of the experiment 134 

(p < 0.01), while no significant difference in body weight was observed in TRT (Figure 1B). This suggests that the 135 

corn-RS diet could help prevent obesity because it does not increase body weight even with excessive energy intake. 136 

This also suggests that the corn-RS diet did not affect weight gain in beagle dogs as much as the rice-based feed. 137 

Table 3 presents the results of apparent total tract nutrient digestibility (ATTD). The ATTD of dry matter (DM), 138 

nitrogen-free extract (NFE), and organic matter (OM) were reduced in the TRT group compared with CON. The 139 

ATTD of DM was lower in TRT than in CON by 2.4% (p < 0.01); the digestibility of DM in CON was 92.9± 0.53%, 140 

whereas the DM was 90.5 ± 0.29% in TRT. The ATTD of NFE was lower in TRT than in CON by 7.2% (p < 0.05); 141 

93.9 ± 1.06% was digested in CON, while 86.7 ± 2.14 % was digested in TRT. Similarly, ATTD for OM was 3.1% 142 
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lower in TRT than in CON (p < 0.05). However, the ATTDs of crude protein (CP) and acid hydrolyzed fat were not 143 

affected by the dietary treatments. In addition, although there was no significant difference, the ATTD of 144 

metabolizable energy (ME) was 89.2 ± 1.10% in TRT, which was lower than that of the CON, 91.7% (p = 0.061). 145 

 146 

Blood parameters, hormones, and cytokines 147 

To evaluate the suitability and safety of corn RS as an ingredient in pet food, we analyzed the CBC and serum 148 

biochemical parameters at 0 weeks and at the end of 16 weeks. The CBC parameters, including leukocytes and 149 

erythrocytes, were within the normal reference range in both CON and TRT (Table 4). No significant difference was 150 

found in the leukocyte counts (white blood cell; lymphocyte; monocyte; neutrophil; eosinophil; basophil) between 151 

CON and TRT. Moreover, the erythrocyte counts (red blood cell; hemoglobin; mean corpuscular hemoglobin; mean 152 

corpuscular hemoglobin; red cell distribution width) were not affected in the dogs fed corn RS.  153 

Table 5 shows the serum biochemical parameters of dogs fed corn RS. All parameters were within the normal 154 

reference range; no significant differences were observed between CON and TRT. The concentration of serum glucose 155 

(GLU) was 108.40 ± 2.29 mg/dL and 99.40 ± 4.20 mg/dL in CON and TRT, respectively, indicating a reduction in 156 

serum glucose in dogs fed corn RS despite no significant difference (p = 0.097). Total cholesterol (T-CHO) was 316.6 157 

± 22.6 mg/dL and 267.4 ± 8.4 mg/dL in CON and TRT groups, respectively. Here again, the results were not significant 158 

(p = 0.076), but there was a reduction in T-CHO in the dogs fed the corn-RS diet. 159 

To evaluate the effects of the corn-RS diet on immune function and anti-obesity in dogs, immune-related 160 

hormones and cytokines (IgG, IL6, and TNF-α), as well as obesity-related hormones (adiponectin, insulin, and leptin), 161 

were analyzed in the serum (Figure 2). We found that the immune-related hormones were not affected by the corn-RS 162 

diet (Figure 2A–C). Furthermore, we observed an increase in adiponectin, an obesity-related hormone secreted from 163 

adipose tissues with beneficial effects on lipid metabolism, in TRT compared with CON (p < 0.05; Figure 2D); serum 164 

adiponectin was higher at 16 weeks than at 0 weeks in TRT (p < 0.05). In contrast, no significant change in insulin 165 

and leptin was observed within the groups between the beginning and the end of the experiment or between the CON 166 

and TRT groups (Figure 2E and F). 167 

 168 

Discussion 169 

This study was performed to evaluate the anti-obesity effects of corn RS in dogs. The MER of dogs is 170 

recommended based on their body weight, age, variety, and activity. The MER for healthy adult dogs is approximately 171 
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110 kcal/kg0.75 according to FEDIAF [20]. In this study, healthy adult beagles were given 132 kcal/kg0.75 ME at a 1.2-172 

fold higher level than the recommended MER for 16 weeks to induce obesity. This level was approximately between 173 

110 kcal/kg0.75 for dogs with moderate activity (1–3 h/day) and 150–175 kcal/kg0.75 for dogs with high activity (3–6 174 

h/day), according to the MER recommendations of FEDIAF [20]. In our previous study, the body weight of beagle 175 

dogs was shown to increase when they consumed 132 kcal/kg0.75 ME per day [23]. Additionally, cereal grains such as 176 

rice, corn, and wheat are commonly used energy supply ingredients in pet food as well as livestock feed [24, 25]. With 177 

the increased prevalence of obesity, RS, which is insensitive to the digestive enzymes in the body, has recently been 178 

in the spotlight as a novel food source for weight control in companion animals [26]. RS has physiological properties 179 

such as fiber that is not degraded by digestive enzymes in monogastric animals and is fermented by microorganisms 180 

in the large intestine. We focused on RS as a substance with an anti-obesity effect. Corn RS was selected because of 181 

its high RS content, and rice was selected as a control.  182 

In the ingredients used in this study, the RS content of corn starch (6.69%) was approximately 3-fold higher 183 

than that of rice (2.33%). The RS content of each experimental diet containing rice (CON) or corn RS (TRT) was 184 

1.09% and 3.12%, respectively. In this study, the feeding of a rice-based diet to the CON group for 16 weeks resulted 185 

in an increase in body weight, while the corn-RS-based diet with a high RS content showed a lower weight gain. While 186 

the effect of the corn-RS diet on weight loss could not be verified in the TRT group, it is notable that the body weight 187 

of the dogs in the TRT group did not increase compared with the weight gain observed in the CON group. The change 188 

in body weight also showed a significant decrease in TRT compared with CON. Therefore, to identify the cause of 189 

reduced rate of change in body weight with a corn-RS diet, the nutrient digestibility in dogs fed rice- or corn-based 190 

diets was analyzed. The results showed that the digestibility for DM, NFE, and OM were decreased in TRT, as well 191 

as the digestibility of ME decreased compared to that of the CON group. The nutrient digestibility of commercial pet 192 

food for dogs varies greatly depending on the price and brand of pet food. Previous studies have reported that the 193 

digestibility of each nutrient is within the following ranges [27, 28]: 66.9–84.4% for DM, 70.4–82.5 for CP, 76.1–194 

95.8% for crude fat (CF), 65.0–87.6% for OM, and 72.6–87.7% for energy. In this study, the digestibility for all 195 

measured nutrients in both CON and TRT groups was similar to or higher than that reported in previous studies [27, 196 

28]. According to Alvarenga et al. [29], the digestibility of DM in corn-based diets for companion dogs was 80.23% 197 

on average at a level similar to or lower than that of the rice-based diet. The digestibility of DM and OM, and gross 198 

energy was also lower in corn-based diets compared to Brewer’s rice-based diet [25]. The nutrient digestibility of pet 199 

foods can be influenced by various factors such as chemical composition, dietary fiber content, trace minerals, and 200 
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moisture [30, 31]. In particular, the digestibility of starch can vary depending on the characteristics of the starch in the 201 

raw ingredients used, interactions between starch and protein, physical properties, and starch forms [32]. The reduced 202 

digestibility of DM, OM, and NFE in this study may be attributed to their resistance to digestion and absorption, 203 

because RS is insensitive to the digestive enzymes in the body. Thus, it can be concluded that the suppressed weight 204 

gain in the TRT group is attributable to the decrease in digestibility of DM, OM, NFE, and ME in dogs fed a high RS 205 

diet. The RS also functions as a prebiotic for microorganisms similar to the fiber in the large intestine of animals. In 206 

the intestines of rodents, RS increased the gut microbiota population [33]; fermented RS was also shown to play a 207 

critical role in weight loss [34]. Hence, further studies should be conducted to provide an in-depth analysis of potential 208 

changes in the gut microbiota in dogs feeds with high RS. 209 

 The CBC, serum biochemistry, immune- and obesity-related hormones in the serum were analyzed to verify 210 

the safety and anti-obesity effects of the corn-RS diets in dogs. Although the dogs were fed a diet with an energy level 211 

higher than their daily MER, the CBC and serum biochemical parameters were within the normal reference range [35, 212 

36], and the concentrations of immune-related hormones were similar between the CON and TRT groups. These 213 

results verified the safety of corn RS for its use as an ingredient for pet food, as it does not cause any negative effects 214 

on the health of the dogs. Although no significant difference was observed between CON and TRT groups; serum 215 

GLU and T-CHO showed a decrease in TRT compared to their levels in the CON group. These results are consistent 216 

with a study reported by Kimura et al. [37] in which, based on oral glucose tolerance tests, the serum GLU level was 217 

reduced in beagles fed an RS diet. In a study, analyzing the changes in postprandial glucose in dogs fed a diet 218 

containing lentils, peas, Brewer’s rice, and corn as the raw materials, the corn-based diet showed the lowest area under 219 

the curve [25]. In another study, the levels of T-CHO and triglycerides (TG) decreased in mice fed a high RS diet 220 

when compared with those fed a low RS diet [38]. In a mouse-diabetes model, RS improved insulin resistance and 221 

increased the mass of the pancreas [39]. Although our study did not show a significant difference on the levels of GLU 222 

and T-CHO in the TRT group compared to those in the CON group, a decreasing tendency of these parameters was 223 

observed using the corn-RS-based diet for 16 weeks in dogs. This suggests the potential use of RS as a dietary material 224 

to improve diabetes and obesity in companion dogs, as observed by Kimura et al [39].  225 

Additionally, the adiponectin concentration in the TRT group increased in dogs fed the corn-RS diet for 16 226 

weeks. Adiponectin is of scientific interest due its positive role in lipid metabolism and its anti-obesity effects [40]. 227 

Adiponectin is mainly secreted by white adipose tissues, with functions that include the suppression of various 228 

metabolic disorders like oxidative stress, inflammation, obesity, and insulin resistance [41]. Clinically, plasma 229 
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adiponectin concentration is negatively correlated with body weight, fat mass, and insulin resistance [42]; for example, 230 

adiponectin knockout mice displayed insulin resistance and glucose intolerance [43, 44]. Adiponectin exhibits three 231 

different structures (trimer, hexamer, and multimer) and its activation involves binding with AdipoR1 and AdipoR2 232 

[45]. The main signaling pathway for adiponectin facilitates the phosphorylation of AMP-activated protein kinase 233 

(AMPK), which plays a key role in the maintenance of cellular energy homeostasis as a positive regulator of insulin 234 

sensitivity. Also, the trimeric and hexameric forms of adiponectin can penetrate the blood-brain barrier and the blood-235 

cerebrospinal fluid barrier to bind with AdipoR1 in the arcuate hypothalamus (ARH) to increase the phosphorylation 236 

of AMPK, which promotes food intake [46]. However, adiponectin concentrations increase to control the energy 237 

homeostasis during fasting; expression of AdipoR1 in ARH decreased after refeeding [46]. Although we only 238 

measured the concentration of total adiponectin in this study, our results suggest that an increase in serum adiponectin 239 

in the TRT group was not due to starvation because sufficient energy was provided (above their MER) to dogs. 240 

Comprehensively, the diet based on corn RS with an increased RS content might be suitable for dog food and could 241 

be helpful in reducing body weight gain in dogs fed a high energy intake diet. 242 

Acknowledgments 243 

This study was supported by the 2022 Postdoctoral Fellowship Program of National Institute of Animal Science, 244 

Rural Development Administration, Republic of Korea. 245 

 246 

  247 



ACCEPTED

12 

 

References 248 

1. Simpson JW, Anderson RS, Markwell PJ. Clinical nutrition of dog and cat. Oxford, UK: Blackwell Publishing 249 
Scientific, p. 56-95; 1993. 250 

2. Chun J, Bang H, Ji S, Jeong J, Kim M, Kim B, et al. A simple method to evaluate body condition score to maintain 251 
the optimal body weight in dogs. J Anim Sci Technol, 2019;61:366-370. 252 
https://doi.org/10.5187/jast.2019.61.6.366 253 

3. Kipperman BS, German AJ. The Responsibility of veterinarians to address companion animal obesity. Animals 254 
(Basel). 2018;8:143-51. https://doi.org/10.3390/ani8090143 255 

4. Bomberg E, Birch L, Endenburg N, German AJ, Neilson J, Seligman H, et al. The financial costs, behaviour and 256 
psychology of obesity: a one health analysis. J Comp Pathol. 2017;156:310-25. 257 
https://doi.org/10.1016/j.jcpa.2017.03.007 258 

5. Lund EM, Armstrong PJ, Kirk CA, Klausner JS. Prevalence and risk factors for obesity in adult dogs from private 259 
US veterinary practices. Int J Appl Res Vet Med. 2005;3:88-96 260 

6. German AJ, Ryan VH, German AC, Wood IS, Trayhurn P. Obesity, its associated disorders, and the role of 261 
inflammatory adipokines in companion animals. Vet J. 2010;185:4-9. https://doi.org/10.1016/j.tvjl.2010.04.004 262 

7. Tvarijonaviciute A, Ceron JJ, Holden SL, Cuthbertson DJ, Biourge V, Morris PJ, et al. Obesity-related metabolic 263 
dysfunction in dogs: a comparison with human metabolic syndrome. BMC Vet Res. 2012;8:147. 264 
https://doi.org/10.1186/1746-6148-8-147 265 

8. Kealy RD, Lawler DF, Ballam JM, Mantz SL, Biery DN, Greeley EH, et al. Effects of diet restriction on life span 266 
and age-related changes in dogs. J Am Vet Med Assoc. 2002;220:1315-20. 267 
https://doi.org/10.2460/javma.2002.220.1315 268 

9. German AJ, Holden SL, Wiseman-Orr ML, Reid J, Nolan AM, Biourge V, et al. Quality of life is reduced in 269 
obese dogs but improves after successful weight loss. Vet J. 2012;192:428-34. 270 
https://doi.org/10.1016/j.tvjl.2011.09.015 271 

10. Hall KD, Sacks G, Chandramohan D, Chow CC, Wang YC, Gortmaker SL, et al. Quantification of the effect of 272 
energy imbalance on body weight. Lancet. 2011;378:826-37. https://doi.org/10.1016/S0140-6736(11)60812-X 273 

11. Hill JO, Wyatt HR, Peters JC. Energy balance and obesity. Circulation. 2012;126:126-32. 274 
https://doi.org/10.1161/CIRCULATIONAHA.111.087213 275 

12. Sajilata MG, Singhal RS, Kulkarni PR. Resistant starch - a review. Compr Rev Food Sci Food Saf. 2006;5:1-17. 276 
https://doi.org/10.1111/j.1541-4337.2006.tb00076.x 277 

13. Hasjim J, Ai Y, Jane J, Novel applications of maylose-lipid complex as resistant starch type 5. In Resistant Starch 278 

https://doi.org/10.5187/jast.2019.61.6.366
https://doi.org/10.3390/ani8090143
https://doi.org/10.1016/j.jcpa.2017.03.007
https://doi.org/10.1016/j.tvjl.2010.04.004
https://doi.org/10.1186/1746-6148-8-147
https://doi.org/10.2460/javma.2002.220.1315
https://doi.org/10.1016/j.tvjl.2011.09.015
https://doi.org/10.1016/s0140-6736(11)60812-x
https://doi.org/10.1161/circulationaha.111.087213
https://doi.org/10.1111/j.1541-4337.2006.tb00076.x


ACCEPTED

13 

 

Sources, Applications and Health Benefits, John Wiley and Sons Ltd: Chichester, UK. 2013;79-94. 279 
https://doi.org/10.1002/9781118528723.ch04 280 

14. Guo J, Tan L, Kong L. Impact of dietary intake of resistant starch on obesity and associated metabolic profiles in 281 
human: a systematic review of the literature. Crit Rev Food Sci Nutr. 2021;61:889-905. 282 
https://doi.org/10.1080/10408398.2020.1747391 283 

15. Zhang L, Li HT, Shen L, Fang QC, Qian LL, Jia WP. Effect of dietary resistant starch on prevention and treatment 284 
of obesity-related diseases and its possible mechanisms. Biomed Environ Sci. 2015;28:291-7. 285 
https://doi.org/10.3967/bes2015.040 286 

16. Higgins JA, Jackman MR, Brown IL, Johnson GC, Steig A, Wyatt HR, et al. Resistant starch and exercise 287 
independently attenuate weight regain on a high fat diet in a rat model of obesity. Nutr Metab (Lond). 2011;8:49. 288 
https://doi.org/10.1186/1743-7075-8-49 289 

17. Shen L, Keenan MJ, Martin RJ, Tulley RT, Raggio AM, McCutcheon KL, et al. Dietary resistant starch increases 290 
hypothalamic POMC expression in rats. Obesity (Silver Spring). 2009;17:40-5. 291 
https://doi.org/10.1038/oby.2008.483 292 

18. Harazaki T, Inoue S, Imai C, Mochizuki K, Goda T. Resistant starch improves insulin resistance and reduces 293 
adipose tissue weight and CD11c expression in rat OLETF adipose tissue. Nutrition. 2014;30:590-5. 294 
https://doi.org/10.1016/j.nut.2013.10.020 295 

19. Robertson MD, Wright JW, Loizon E, Debard C, Vidal H, Shojaee-Moradie F, et al. Insulin-sensitizing effects 296 
on muscle and adipose tissue after dietary fiber intake in men and women with metabolic syndrome. J Clin 297 
Endocrinol Metab. 2012;97:3326-32. https://doi.org/10.1210/jc.2012-1513 298 

20. FEDIAF, the European pet food industry federation. Nutritional guidelines for complete and complementary pet 299 
food for cats and dogs. Bruxells, Belgium; 2020. 300 

21. Seo K, Cho HW, Chun J, Jeon J, Kim C, Kim M, et al. Evaluation of fermented oat and black soldier fly larva as 301 
food ingredients in senior dog diets. Animals (Basel). 2021;11:3509. https://doi.org/10.3390/ani11123509 302 

22. AOAC, Association of Official Analytical Chemists. Official methods of analysis of the AOAC International. 303 
18th ed. Gaithersburg, MD; 2006. 304 

23. Park M, Kim KH, Jaiswal V, Choi J, Chun JL, Seo KM, et al. Effect of black ginseng and silkworm 305 
supplementation on obesity, the transcriptome, and the gut microbiome of diet-induced overweight dogs [Sci. 306 
rep.]. Sci Rep. 2021;11:16334. https://doi.org/10.1038/s41598-021-95789-8 307 

24. Nolan JV. Recent Advances in Animal Nutrition - Australia: people and circumstances shaping this symposium’s 308 
successful first 50 years. Anim Prod Sci. 2022;62:1060-89. https://doi.org/10.1071/AN21219 309 

25. Carciofi AC, Takakura FS, de-Oliveira LD, Teshima E, Jeremias JT, Brunetto MA, et al. Effects of six 310 
carbohydrate sources on dog diet digestibility and post-prandial glucose and insulin response. J Anim Physiol 311 

https://doi.org/10.1002/9781118528723.ch04
https://doi.org/10.1080/10408398.2020.1747391
https://doi.org/10.3967/bes2015.040
https://doi.org/10.1186/1743-7075-8-49
https://doi.org/10.1038/oby.2008.483
https://doi.org/10.1016/j.nut.2013.10.020
https://doi.org/10.1210/jc.2012-1513
https://doi.org/10.3390/ani11123509
https://doi.org/10.1038/s41598-021-95789-8
https://doi.org/10.1071/an21219


ACCEPTED

14 

 

Anim Nutr (Berl). 2008;92:326-36. https://doi.org/10.1111/j.1439-0396.2007.00794.x 312 

26. Higgins JA. Resistant starch and energy balance: impact on weight loss and maintenance. Crit Rev Food Sci Nutr. 313 
2014;54:1158-66. https://doi.org/10.1080/10408398.2011.629352 314 

27. Krogdahl A, Ahlstrøm Ø , Skrede A. Nutrient digestibility of commercial dog foods using mink as a model. J Nutr. 315 
2004;134(8);Suppl:2141S-4S. https://doi.org/10.1093/jn/134.8.2141S 316 

28. Daumas C, Paragon BM, Thorin C, Martin L, Dumon H, Ninet S, et al. Evaluation of eight commercial dog diets. 317 
J Nutr Sci. 2014;3:e63. https://doi.org/10.1017/jns.2014.65 318 

29. Corsato Alvarenga IC, Dainton AN, Aldrich CG. A review: nutrition and process attributes of corn in pet foods. 319 
Crit Rev Food Sci Nutr. 2021:1-10. https://doi.org/10.1080/10408398.2021.1931020 320 

30. Earle KE, Kienzle E, Opitz B, Smith PM, Maskell IE. Fiber affects digestibility of organic matter and energy in 321 
pet foods. J Nutr. 1998;128;Suppl:2798S-800S. https://doi.org/10.1093/jn/128.12.2798S 322 

31. Kim K, Seo K, Cho HW, Jeon JH, Kim C, Jung J, et al. Age-related digestibility of nutrients depending on the 323 
moisture content in aged dogs. J Anim Sci Technol, 2021;63,1355-1361. https://doi.org/10.5187/jast.2021.e116 324 

32. Svihus B, Uhlen AK, Harstad OM. Effect of starch granule structure, associated components and processing on 325 
nutritive value of cereal starch: a review. Anim Feed Sci Technol. 2005;122:303-20. 326 
https://doi.org/10.1016/j.anifeedsci.2005.02.025 327 

33. Keenan MJ, Janes MJ, Robert J, Martin RJ, Raggio AM, McCutcheon KL, et al. Resistant starch from high 328 
amylose maize (HAM-RS2) reduces body fat and increases gut bacteria in ovariectomized (OVX) rats. Obesity 329 
(Silver Spring). 2013;21:981-4. https://doi.org/10.1002/oby.20109 330 

34. Zhou J, Martin RJ, Tulley RT, Raggio AM, Shen L, Lissy E, et al. Failure to ferment dietary resistant starch in 331 
specific mouse models of obesity results in no body fat loss. J Agric Food Chem. 2009;57:8844-51. 332 
https://doi.org/10.1021/jf901548e 333 

35. Whalan JE. A toxicologist’s guide to clinical pathology in Animals: Hematology, Clinical Chemistry, Urinalysis. 334 
Springer: Cham, Switzerland. 2015;1-94. 335 

36. Fielder SE. Serum biochemical reference ranges: MSD Manual Veterinary Manual, DVM, MS, DACVP; Merck 336 
& Co., Inc. Oklahoma State University: Kenilworth, NJ, USA. 2015 337 

37. Kimura T. The regulatory effects of resistant starch on glycaemic response in obese dogs. Arch Anim Nutr. 338 
2013;67:503-9. https://doi.org/10.1080/1745039X.2013.857081 339 

38. De Deckere EAM, Kloots WJ, Van Amelsvoort JMM. Resistant starch decreases serum total cholesterol and 340 
triacylglycerol concentrations in rats. J Nutr. 1993;123:2142-51. https://doi.org/10.1093/jn/123.12.2142 341 

https://doi.org/10.1111/j.1439-0396.2007.00794.x
https://doi.org/10.1080/10408398.2011.629352
https://doi.org/10.1093/jn/134.8.2141s
https://doi.org/10.1017/jns.2014.65
https://doi.org/10.1080/10408398.2021.1931020
https://doi.org/10.1093/jn/128.12.2798s
https://doi.org/10.5187/jast.2021.e116
https://doi.org/10.1016/j.anifeedsci.2005.02.025
https://doi.org/10.1002/oby.20109
https://doi.org/10.1021/jf901548e
https://doi.org/10.1080/1745039x.2013.857081
https://doi.org/10.1093/jn/123.12.2142


ACCEPTED

15 

 

39. Shen L, Keenan MJ, Raggio A, Williams C, Martin RJ. Dietary-resistant starch improves maternal glycemic 342 
control in Goto-Kakazaki rat. Mol Nutr Food Res. 2011;55:1499-508. https://doi.org/10.1002/mnfr.201000605 343 

40. Achari AE, Jain SK. Adiponectin, a therapeutic target for obesity, diabetes, and endothelial dysfunction. Int J Mol 344 
Sci. 2017;18:1321. https://doi.org/10.3390/ijms18061321 345 

41. Esmaili S, Hemmati M, Karamian M. Physiological role of adiponectin in different tissues: a review. Arch Physiol 346 
Biochem. 2020;126:67-73. https://doi.org/10.1080/13813455.2018.1493606 347 

42. Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki K, Tobe K. Adiponectin and adiponectin receptors in insulin 348 
resistance, diabetes, and the metabolic syndrome. J Clin Invest. 2006;116:1784-92. 349 
https://doi.org/10.1172/JCI29126 350 

43. Kubota N, Terauchi Y, Yamauchi T, Kubota T, Moroi M, Matsui J, et al. Disruption of adiponectin causes insulin 351 
resistance and neointimal formation. J Biol Chem. 2002;277:25863-6. https://doi.org/10.1074/jbc.C200251200 352 

44. Nawrocki AR, Rajala MW, Tomas E, Pajvani UB, Saha AK, Trumbauer ME, et al. Mice lacking adiponectin 353 
show decreased hepatic insulin sensitivity and reduced responsiveness to peroxisome proliferator-activated 354 
receptor gamma agonists. J Biol Chem. 2006;281:2654-60. https://doi.org/10.1074/jbc.M505311200 355 

45. Khoramipour K, Chamari K, Hekmatikar AA, Ziyaiyan A, Taherkhani S, Elguindy NM, et al. Adiponectin: 356 
structure, physiological functions, role in diseases, and effects of nutrition. Nutrients. 2021;13:1180. 357 
https://doi.org/10.3390/nu13041180 358 

46. Kubota N, Yano W, Kubota T, Yamauchi T, Itoh S, Kumagai H, et al. Adiponectin stimulates AMP-activated 359 
protein kinase in the hypothalamus and increases food intake. Cell Metab. 2007;6:55-68. 360 
https://doi.org/10.1016/j.cmet.2007.06.003 361 

 362 

  363 

https://doi.org/10.1002/mnfr.201000605
https://doi.org/10.3390/ijms18061321
https://doi.org/10.1080/13813455.2018.1493606
https://doi.org/10.1172/jci29126
https://doi.org/10.1074/jbc.c200251200
https://doi.org/10.1074/jbc.m505311200
https://doi.org/10.3390/nu13041180
https://doi.org/10.1016/j.cmet.2007.06.003


ACCEPTED

16 

 

Tables and Figures 364 

Tables and Figures were placed in separate files. 365 

 366 
Table 1. Ingredient formulations and chemical compositions of experimental diets. 367 

Items CON TRT 

Ingredients, %   

Rice powder 31.9 - 

Corn starch powder - 29.2 

Lard 1.5 1.5 

Water 35.0 35.0 

Salt 0.2 0.2 

Vitamin and mineral premix1) 0.4 0.4 

Calcium phosphate 0.4 0.4 

Potassium citrate 0.6 0.6 

Cabbage powder 1.0 1.0 

Calcium carbonate 1.0 1.0 

Green laver 1.0 1.0 

York powder 12.0 12.0 

Chicken breast meal 15.0 17.7 

Chromium oxide2) (0.5) (0.5) 

Chemical composition, DM basis 

(analyzed), %  
  

Crude protein 33.08 33.01 

Crude fat 15.9 15.59 

Crude ash 0.29 0.28 

Crude fiber 2.49 2.38 

Nitgrogen-free extract 48.24 48.74 

Calcium 0.83 0.81 

Phosphorus 0.59 0.57 

Metabolizable energy, kcal/kg3) 4,198 4,187 

Resistant starch content, %   

Ingredient 2.33 6.69 

Experimental diet 1.09 3.12 

CON, rice-based diet; TRT, corn-RS-based diet. 1 Vitamin and mineral premix supplied per kg of diets: 3500 IU vitamin A; 250 IU 368 
vitamin D3; 25 mg vitamin E; 0.052 mg vitamin K; 2.8 mg vitamin B1(thiamine); 2.6 mg vitamin B2 (riboflavin); 2 mg vitamin 369 
B6 (pyridoxine); 0.014 mg vitamin B12; 6 mg Cal-d-pantothenate; 30 mg niacin; 0.4 mg folic acid; 0.036 mg biotin; 1,000 mg 370 
taurine; 44 mg FeSO4; 3.8 mg MnSO4; 50 mg ZnSO4; 7.5 mg CuSO4; 0.18 mg Na2SeO3; 0.9 mg Ca(IO3)2. 2 Chromium oxide was 371 
added into the diet fed 5 d before the end of the experiment. 3 Metabolizable energy (ME) was calculated follow equation; ME 372 
(kcal/kg) = ((CP × 3.5) + (EE × 8.5) + (NFE × 3.5)) × 10. 373 
  374 
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Table 2. Average daily intake, metabolic energy, and body parameters of dogs fed with rice- or corn-RS-based diets. 375 

Items, unit CON TRT p-value 

ADI, g/day 347.3 ± 14.78 341.4 ± 18.79 0.810 

ME intake, kcal/day 941.9 ± 40.09 944.8 ± 51.99 0.966 

Body weight, kg    

Initial (0 weeks) 13.8 ± 0.78 13.8 ± 1.03  

Final (16 weeks) 15.1 ± 0.96 14.1 ± 1.42 0.022 

BWG, kg 1.4 ± 0.24 0.22 ± 0.42 0.040 

FCR (BWG/ADI) 4.0 ± 0.55 0.4 ± 1.19 0.030 

Values are expressed as mean ± SE. CON, rice-based diet; TRT, corn-RS-based diet; ADI, average daily intake; ME, metabolic energy; 376 
BWG, body weight gain; FCR, feed conversion ratio; SEM, standard error of mean. 377 
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 379 
Table 3. Nutrient intake and apparent total trace nutrient digestibility in dogs fed with rice- and corn-RS-based diets. 380 

 CON TRT p-value 

Daily DM intake    

DM (g) 224.2 ± 9.54 225.7 ± 12.42 0.929 

CP (g) 78.3 ± 3.33 77.0 ± 4.24 0.814 

AHF (g) 25.6 ± 1.09 23.6 ± 1.30 0.284 

NFE (g) 110.6 ± 4.71 115.3 ± 6.34 0.569 

OM (g) 214.4 ± 9.13 215.9 ± 11.88 0.926 

ME (kcal)1) 941.3 ± 40.06 944.6 ± 51.99 0.958 

ATTD (%)    

DM 92.9 ± 0.53 90.5 ± 0.29 0.005 

CP 87.8 ± 0.74 89.4 ± 1.11 0.284 

AHF 92.7 ± 0.33 93.6 ± 1.04 0.450 

NFE 93.9 ± 1.06 86.7 ± 2.14 0.016 

OM 91.6 ± 0.43 88.5 ± 1.13 0.034 

ME 91.7 ± 0.34 89.2 ± 1.10 0.061 

Values are expressed as mean ± SE. DM, dry matter; CP, crude protein; AHF, acid hydrolyzed fat; NFE, nitrogen free extract; OM, 381 
organic matter; ME, metabolic energy; ATTD, apparent total tract nutrient digestibility; CON, rice-based diet; TRT, corn-RS-based diet. 382 
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Table 4. Complete blood cell counts in dogs fed with rice- and corn-RS-based diets. 384 

Items, unit Reference ranges CON TRT p-value 

WBC, x106/mL 6–17 9.13 ± 0.67 8.39 ± 0.52 0.411 

LYM, x106/mL 1–4.8 2.43 ± 0.25 2.35 ± 0.29 0.840 

MONO, x106/mL 0.2–1.5 0.46 ± 0.14 0.35 ± 0.09 0.526 

NEU, x106/mL 3–12 6.18 ± 0.45 5.32 ± 0.49 0.233 

EOS, x106/mL 0–0.8 0.16 ± 0.03 0.28 ± 0.09 0.269 

BASO, x106/mL 0–0.4 0.09 ± 0.02 0.11 ± 0.03 0.692 

RBC, x109/mL 5.5–8.5 7.77 ± 0.16 8.11 ± 0.14 0.151 

HGB, g/dL 12–18 17.38 ± 0.30 17.22 ± 0.39 0.754 

MCV, fL 60–77 74.80 ± 1.50 70.80 ± 2.04 0.152 

MCH, pg 19.5–24.5 22.34 ± 0.31 21.24 ± 0.43 0.073 

RDW, % 14–22 16.82 ± 0.04 16.68 ± 0.26 0.608 

Values are expressed as mean ± SE. WBC, white blood cell; LYM, lymphocyte; MONO, monocyte; NEU, neutrophil; EOS, eosinophil; 385 
BASO, basophil; RBC, red blood cell; HGB, hemoglobin; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; 386 
RDW, red cell distribution width; CON, rice-based diet; TRT, corn-RS-based diet. 387 
 388 
  389 



ACCEPTED

20 

 

Table 5. Serum biochemistry in dogs fed with rice- and corn-RS-based diets. 390 

Items, unit Reference ranges CON TRT p-value 

TP, g/dL 5.4–7.7 7.62 ± 0.18 7.40 ± 0.21 0.449 

AST, U/L 19–42 28.80 ± 2.20 32.80 ± 3.89 0.397 

ALT, U/L 19–67 48.00 ± 5.37 65.80 ± 21.75 0.450 

GGT, U/L 0–6 4.20 ± 0.49 4.60 ± 0.51 0.587 

CREA, mg/dL 0.5–1.7 0.98 ± 0.09 1.01 ± 0.09 0.812 

GLU, mg/dL 76–119 108.40 ± 2.29 99.40 ± 4.20 0.097 

LD, U/L 0–236 132.00 ± 34.11 98.40 ± 19.46 0.417 

CHO, mg/dL 135–361 316.60 ± 22.59 267.40 ± 8.44 0.076 

TG, mg/dL 19–133 114.80 ± 20.67 105.80 ± 25.86 0.793 

UN, mg/dL 8–28 18.22 ± 1.55 17.28 ± 2.70 0.771 

TBIL, mg/dL 0–0.51 0.06 ± 0.01 0.05 ± 0.021 0.629 

CK, U/L 52–368 146.20 ± 14.47 126.20 ± 8.89 0.273 

Values are expressed as mean ± SE. TP, total protein; AST, aspartate transaminase; ALT, alanine transaminase; GGT, gamma-glutamyl 391 
transferase; CREA, creatinine; GLU, glucose; LD, lactate dehydrogenase; CHO, cholesterol; TG, triglycerides; UN, urea nitrogen; 392 
TBIL, total bilirubin; CK, creatine kinase; CON, rice-based diet; TRT, corn-RS-based diet. 393 
 394 
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 396 

(A) (B)  397 
 398 
Figure 1. The rate of change of body weight of dogs fed with rice- or corn-RS-based diets: (A) The rate of change of body 399 
weight in CON and TRT during the experiment; and (B) the rate of change of body weight at the start and the end of the 400 
experiment. Values were calculated by dividing the body weight for each week measured at 2-week intervals by the initial 401 
body weight (0 weeks), and multiplying by 100. Values are expressed as mean ± SE. CON, rice-based diet; TRT, corn-RS-402 
based diet; * p < 0.05, ** p < 0.01 versus CON; ### p < 0.001 versus CON at 0 weeks. 403 
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(A) (B) 

 

 

(C) (D) 
 

 

(E) (F) 
 

 

Figure 2. The concentrations of immunnoglobulin, cytokines, and hormones in the serum of dogs fed with rice- and corn-405 
RS-based diets. (A) IgG; (B) IL6; (C) TNF-α; (D) adiponectin; (E) insulin; and (F) leptin content at the beginning (0 weeks) 406 
and the end (16 weeks) of the experiment. Data are expressed as the mean ± SE. CON, rice-based diet; TRT, corn-RS-based 407 
diet; * p < 0.05 versus CON; Paired t-test, # p < 0.05 versus 0 weeks. 408 
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