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Abstract 1 

Background: The incidence of type 2 diabetes (T2D) is increasing worldwide and nutritional management of 2 

glucose may be a strategic tool in the prevention of T2D. 3 

Objective: We studied whether enzymatically modified waxy maize with increased degree of branching of the 4 

amylopectin fraction was able to delay the onset of diabetes in male Zucker Diabetic Fatty (ZDF) rats.  5 

Methods: 48 male ZDF rats, 5 week old, were divided into 4 treatment groups and fed experimental diets 6 

containing 52.95 % starch, either corn starch (S), Glucidex (GLU), resistant starch (RS), or enzymatically 7 

modified starch (EMS), for 9 weeks. Fasting glucose was assessed every second week and blood samples taken 8 

at run-in and at the end of experiment were analyzed for HbA1c, glucose, insulin, and plasma lipids. During 9 

week 2 and 8, urine was collected for metabolomics analysis. 10 

Results: Based on blood glucose concentrations measured every second week in feed-deprived rats, none of 11 

the groups developed diabetes. However, in week 9 fasting plasma glucose was significantly lower in rats fed S 12 

and RS (13.5 mmol/L) than in rats fed GLU and EMS (17.0-18.9 mmol/L). Furthermore, in week 9 rats fed RS had 13 

lower HbA1c (4.9 %) than rats fed S (5.6 %), GLU (5.8 %) and EMS (6.1 %) and HOMA-IR was significantly lower 14 

in rats fed RS than in rats fed the other diets (185 vs. 311-360) indicating that rats fed S, GLU, and EMS were 15 

diabetic. Additionally, a 100% higher excretion of urine during week 8 in rats fed GLU and EMS compared to 16 

rats fed S and RS clearly showed that they had developed diabetes. Urinary non-targeted metabolomics 17 

revealed that the diabetic state of rats fed S, GLU, and EMS influenced microbial metabolism as well as amino 18 

acid, lipid, and vitamin metabolism. 19 

Conclusion: EMS did not delay the onset of diabetes in ZDF rats whereas rats fed RS showed no signs of 20 

diabetes.  21 

Keywords: resistant starch, non-targeted metabolomics, LC-MS, type 2 diabetes, fasting glucose  22 

 23 
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Introduction 24 

Starch constitutes the major part of the human carbohydrate intake and is the key contributor to the glycemic 25 

response. It is well known that the nutritional properties of starch varies according to its digestibility and in 26 

vitro starch can be classified as either 1) rapidly digestible starch (RDS)3 (digested within the first 20 min of in 27 

vitro incubation), 2) slowly digestible starch (SDS) (digested from 20 to 120 min), and 3) resistant starch (RS) 28 

(the remaining part that cannot be further digested) (1). The glycemic index has been shown to correlate to 29 

RDS (2) and it was shown that starches with different rates of digestion in vitro evoked different glycemic 30 

responses (3). Subjects with type 2 diabetes (T2D) or impaired glucose tolerance as well as healthy subjects 31 

may benefit from consumption of food containing SDS due to the reduction of postprandial hyperglycemia. 32 

In spite of the obvious benefits of SDS in the control of postprandial glucose levels there is a lack of suitable 33 

sources (4). SDS may be obtained through modifications of the molecular structure of starch using physical, 34 

chemical or enzymatic methods (5). Enzymatic modification of starch is the preferable method due to the 35 

cooking stable properties of the products and it is considered a clean and safe alternative to chemical 36 

modification (5, 6). 37 

Enzymatically modified starch (EMS) is a subclass of RS which is further subdivided into five categories: 38 

physically inaccessible starch (RS1), granular starch (RS2), retrograded starch (RS3), chemically modified starch 39 

(RS4), and a starch-lipid complex (RS5) (7). RS has been shown to improve insulin sensitivity in humans (8, 9) 40 

and several animal studies have documented a reduced blood glucose level and changed blood lipid profile (10-41 

12). 42 

The main objective of the present study was to investigate whether a diet containing EMS could delay the 43 

development of hyperglycemia, hyperlipidemia and insulin resistance progressing to overt diabetes in Zucker 44 

Diabetic Fatty (ZDF) rats. A diet consisting RS of type 2 (high amylose corn starch) was included as a positive 45 

control.  Diets containing Glucidex (GLU) or gelatinized starch (S) were included as negative controls for EMS 46 
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and RS, respectively. Furthermore, we wanted to characterize the metabolomic profile of urine after two and 47 

eight weeks of feeding the starch diets. Metabolomics aims to characterize and quantify all small molecules in a 48 

biological sample (13). Small molecules, playing an important role in biological systems, represent attractive 49 

candidates to understand disease phenotypes and monitoring marker metabolite levels has become an 50 

important way to detect early stages in disease (14). We hypothesized that the slower delivery of glucose from 51 

EMS as well as RS this may delay development of abnormal glucose metabolism in ZDF rats as well as induce 52 

changes in the metabolism disclosed in the metabolomic profile of urine. 53 

 54 

Materials and Methods 55 

Animals and diets 56 

Male ZDF rats (ZDF/Crl-Leprfa) (5 weeks old) were purchased from Charles River Laboratories (Sulzfeld, Germany). 57 

The experiment was carried out in three blocks with sixteen rats in each block during a period of five months. 58 

The rats were housed in pairs in Plexiglas boxes (38 x 60 cm) bedded with shavings. All rats had a chip placed 59 

subcutaneously in order to allow individual identification of the rats. The animals were kept in a temperature 60 

(25-26°C) and humidity (50-60%) controlled environment in a 12 h light/dark cycle.  61 

The rats were acclimated for 7 days and had ad libitum access to a standard diet (Altromin 1321, Brogaarden, 62 

Lynge, Denmark) and water during that period. After the acclimatization, the rats were randomly assigned to 63 

one of four dietary treatments (12 rats per treatment). The experimental diets were formulated as the 64 

standard growth diet AIN-93G for rats (15) where corn starch and maltodextrin was substituted with 65 

pregelatinized corn starch, GLU, RS or EMS, respectively (Supplemental Table 1).  66 

 67 

Preparation of enzymatically modified starch 68 
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A slurry (15 % dry matter (DM)) of waxy maize starch (Cargill Nordic A/S, Denmark) was made by mixing native 69 

starch with Milli Q-water in a glass reactor. It was gelatinized by jet cooking at pH 6.0 and 140-150°C for 5-7 70 

min. After cooling to 75°C, 1500 U/g branching enzyme Rhodothermus obamensis amylo-(1,4 → 1,6)-71 

transglycosylase (EC 2.4.1.18) (kindly provided by Novozymes (Bagsværd, Denmark)) was added and the 72 

mixture was incubated for 90 h. The enzymatic reaction was terminated by lowering pH to 2.5 for 30 minutes. 73 

The temperature was lowered to 55°C and pH adjusted to 5.0 and the mixture was incubated with α-74 

glucosidase (EC 3.2.1.20, 0.9 U/g) for 20 h. The enzyme was inactivated by lowering pH to 2.5 and increasing 75 

temperature to 75°C for 30 min. Afterwards pH was adjusted to 5.5, the reaction mixture was ultrafiltrated (cut 76 

off 5-6000 Da) to remove low molecular weight sugars formed by the enzymatic hydrolysis. Subsequently water 77 

was evaporated and the product was spray dried. 78 

Glucidex 2 (Roquette, France) was chosen as reference to EMS. Glucidex is a maltodextrin with the same 79 

degree of branching (% α-1,6 bonds) as waxy maize and it is highly soluble like EMS. 80 

 81 

Chemical analyses of diets and feces 82 

All chemical analyses of diets and fecal material were performed in duplicate on freeze dried material. All 83 

samples were milled through a 0.5 mm mesh screen (Cyclotec 1093 Sample mill, Foss Tecator, Hoeganaes, 84 

Sweden) before analysis. The DM was determined by drying to constant weight at 103 °C for 20 h, and ash was 85 

determined by combustion at 525 °C for 6 h (16). Gross energy was analyzed by use of an oxygen bomb 86 

calorimeter (Parr Instrument Co., Moline, IL, USA). Protein (N x 6.25) was determined as elementary N (17). Fat 87 

was extracted with diethyl ether after HCl hydrolysis according to the Stoldt procedure (18). Free sugars 88 

(glucose, fructose, sucrose, and fructan) were determined by an enzymatic-colorimetric method (19). Starch 89 

was determined and classified according to Englyst (1) with minor modifications (20). The total RS content in 90 

the diets was analyzed with a commercially available kit (Megazyme International, Wicklow, Ireland). Neutral 91 
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non-starch polysaccharides (NSP) and constituent sugars were analyzed as alditol acetates by GC and uronic 92 

acids by colorimetry (21). When RS was analyzed for NSP using this method it was found that part of the RS was 93 

not degraded. Therefore, NSP in RS was subsequently analyzed with the addition of dimethyl sulphoxide 94 

(DMSO) to disperse RS (22). 95 

 96 

Experimental design 97 

The rats had ad libitum access to feed and water, they were fed the experimental diets for 9 weeks. Body 98 

weight (BW) and feed consumption were recorded weekly. Fasting blood glucose was measured after an 99 

overnight fast (10 h) at the beginning of the experiment and after 2, 4, 6, 7, and 8 weeks of experiment using a 100 

blood glucose monitoring system (Accu-Chek®, Roche Diagnostics A/S, Hvidovre, Denmark). In week 7, a blood 101 

sample was furthermore taken after the rat had had access to feed for 2 h. Baseline blood samples were drawn 102 

after an overnight fast. The rats were anaesthetized by subcutaneous injection of fentanyl (236 µg/kg BW), 103 

fluanisone (7.5 mg/kg BW), and midazolam (3.75 mg/kg BW) and the blood sample was collected from the tail 104 

in chilled tubes containing a heparin/aprotinin solution and centrifuged for 10 min at 2000 x g at 4°C. Plasma 105 

was collected and stored at -80°C. Whole blood was collected separately in EDTA-preserved tubes for 106 

hemoglobin. During the second and eighth week of the experiment the rats were placed in individual 107 

metabolism cages for 6 d in order to collect urine and feces. After a 3 d acclimatization period, urine and feces 108 

was collected quantitatively from each rat on a daily basis, frozen and pooled over the 3 d collection period. In 109 

order to stabilize the urine 1 mL of saturated ascorbic acid (333 g/L) was added to the urine collection bottle (1 110 

mL/bottle/day). Urine was stored at -80°C and feces was stored at -20°C. In the ninth experimental week an 111 

oral glucose tolerance test (OGTT) was performed after an overnight fast and two days after OGTT the rats 112 

were euthanized after a 12 h fast. The rats were anaesthetized and blood samples were collected from the tail 113 
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as described above. The rats were euthanized by injection of a lethal dose of sodium pentobarbital in the heart. 114 

Subsequently the abdominal cavity was opened the liver was dissected free, weighed and sampled. 115 

The animal experiment was conducted in compliance with procedures approved by the Danish Animal 116 

Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish Veterinary and Food 117 

Administration in accordance with the Danish Ministry of Justice, Law no. 253 of March 8 2013 concerning 118 

experiments with animals and care of experimental animals. 119 

 120 

Oral glucose tolerance test 121 

Rats were fasted 12 h before the OGTT. D-glucose (2 g D-glucose per kg BW dissolved in 0.9 % saline) was orally 122 

administered by gavage at time 0. Blood was drawn from the vein in the tail at time points -15, 0, 15, 30, 60, 123 

90, 120, and 180 minutes and blood glucose was measured using a blood glucose monitoring system (Accu-124 

Chek®, Roche Diagnostics A/S, Hvidovre, Denmark). 125 

 126 

Analysis of blood, urine, feces, and liver samples 127 

Plasma glucose was determined using the glucose oxidase method (GOD-PAP, Roche Diagnostics GmbH, 128 

Mannheim, Germany). Plasma insulin was analyzed by a sensitive rat insulin radioimmunoassay (RIA) kit 129 

(Millipore, Billerica, MA, USA) and plasma glucagon was analyzed using a RIA kit (Millipore). TG and FFA in 130 

plasma were determined using enzymatic colorimetric kits (Boehringer Mannheim, Germany). HbA1c, total 131 

cholesterol, and HDL-cholesterol were analyzed using the Cobas c111 system (Roche Diagnostics GmbH, 132 

Mannhein, Germany); HbA1c was determined in whole blood by the HbA1c II kit (Roche Diagnostics GmbH) and 133 

total cholesterol and HDL-cholesterol in plasma by an enzymatic colorimetric method (Roche Diagnostics 134 

GmbH). 135 
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Urinary glucose and creatinine were measured using an autoanalyzer, ADVIA 1650 Chemistry System (Bayer 136 

Corporation, Tarrytown, NY) using human standards and calibration materials. Glucose was analyzed according 137 

to standard procedures (23). The urinary creatinine concentration was measured according to the Jaffe 138 

reaction. 139 

All fecal samples were freeze dried and resistant starch was analyzed in fecal samples from week 2 from rats 140 

fed RS and EMS and in a subset of samples from rats fed S and GLU using the Megazyme resistant starch assay 141 

kit (Megazyme International ltd., Wicklow, Ireland). 142 

The fat content of the liver was determined by a modification of the Bligh and Dyer method (24). 143 

 144 

Solvents and standards 145 

High-performance liquid chromatography (HPLC)-grade acetonitrile was purchased from VWR (West Chester, 146 

PA, USA) and formic acid from Fluka (Fluka, Sigma-Aldrich, St. Louis, MO, USA). Glycocholic acid (Glycine-113C) 147 

and 4-Chloro-DL-phenylalanine purchased from Sigma (Sigma, MO, USA) were used as internal standards. 148 

The following standards were used for identifications: acetyl-L-leucine, acetyl-L-tyrosine, acetylphenylalanine, 149 

ascorbic acid, betaine, carnitine, choline, citric acid, 4-guanidinobutanoic acid, hippuric acid, 150 

hydroxyphenyllactic acid, indoxyl sulfate, α-ketoglutaric acid, kynurenic acid, 2-methylnicotinamide, 151 

pantothenic acid, phenyl glucuronide, 3-phenyllactic acid, 2-piperidinone, succinic acid, tartaric acid, taurine, 152 

and xanthurenic acid and were all purchased from Sigma (Sigma, MO, USA). The standards for N-methyl-2-153 

pyridoxone-5-carboxamide and phenylacetylglycine were obtained from Santa Cruz Biotechnology (Dallas, TX, 154 

USA). A p-cresol sulfate standard was purchased from Alsachim (Illkirch-Graffenstaden, France). 155 

 156 

Non-targeted LC-MS metabolomics analysis of urine 157 
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The urine samples (90 µL) were diluted with water (270 µl) and 40 µL of acetonitrile containing internal 158 

standards (21 µM Glycocholic acid-(glycyl-1-13C) monohydrate and 50 µM 4-chloro-DL-phenylalanine) was 159 

added. The samples were centrifuged at 17950 x g for 10 min at 4 °C and the supernatant was transferred to 160 

vials. The sample injection volume was 3 µL. 161 

Chromatographic separation was performed on a Dionex UltiMate 3000 RSLC Binary UHPLC System (Thermo 162 

Scientific Dionex, Sunnyvale, CA) equipped with a Titan C18 UHPLC column, 1.9 µm, 100 x 2.1 mm (Supelco, 163 

Sigma-Aldrich, St. Louis, MO). The column was maintained at 30 °C. The mobile phases were 0.1 % formic acid 164 

in Milli-Q water (A) and 0.1 % formic acid in acetonitrile (B). The flow rate was 0.4 mL/min. The gradient 165 

program was as follows: 0-1 min, 5% B; 1-12 min, linear gradient to 60% B; 12-12.5 min, linear gradient to 100% 166 

B, 12.5-13.1 min, 100% B. Corresponding changes in A were made. The column was re-equilibrated for 2 min in 167 

the beginning of each run.  168 

The eluent was introduced into a Ultra-High Resolution Qq-Time-Of-Flight mass spectrometer (Impact HD, 169 

Bruker Daltonics GmbH, Bremen, Germany) by electrospray ionization with capillary set in the positive and 170 

negative mode to 4500 V and 3600 V, respectively. End plate offset voltage was set to 500 V, the dry gas flow 171 

and temperature was 8 l/min and 200°C, respectively, and nebulizer pressure was set to 1.8 bar. The scan 172 

range was from 50 to 1000 m/z at a sampling rate of 1 Hz. Collision energy during MS scan was set to 6 eV. 173 

Lithium formate at a concentration of 5 mM in water-isopropanol-formic acid (50:50:0.2, v/v) was employed as 174 

an external calibrant in the beginning of each chromatographic run with an independent syringe pump. For 175 

MS/MS analysis, Ar was used at the collision gas and collisions were carried out at energies from 10-40 EV. All 176 

other parameters were the same as above. 177 

As quality control, blank samples (5 % acetonitrile) and a pooled urine sample of all 96 samples (quality control, 178 

QC) was injected after every 6 and 12 samples, respectively, to assure that no cross-contamination from 179 

sample to sample occurred and that the sensitivity and repeatability of the analytical system was maintained.  180 
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 181 

Data processing and metabolite identification 182 

Acquired mass spectra were calibrated and peak detection was performed using the “Find Molecular Features” 183 

option in Compass DataAnalysis Version 4.2 (Bruker Daltonics GmbH). The spectra were exported to Bruker 184 

Compass ProfileAnalysis 2.1 for initial statistical evaluation. A matrix was generated with retention time, m/z 185 

and respective peak areas. This matrix was exported to LatentiX 2.10 (Latent5 Aps.). The data were normalized 186 

using the creatinine concentration measured for each sample. Prior to principal component analysis (PCA) data 187 

were Pareto scaled. Outliers were removed based on 95 % CI and plots of residual variance v. Hotelling’s T2 188 

after which the models were recalculated. Loading plots were used to detect metabolite ions with the greatest 189 

influence on clustering. Compounds were identified based on queries in the METLIN (25) and Human 190 

Metabolome Database (26) online databases for obtaining possible chemical structures using accurate mass 191 

and mass spectrometric fragmentation patterns. The identification of the annotated compounds was 192 

confirmed with standards, when available, on the same analytical system under the same conditions (validation 193 

based on retention time and mass spectra). 194 

 195 

Statistical analysis and calculations 196 

Statistical analyses were performed using SAS release 9.2. Data are presented as least squares means and SEM. 197 

BW, feed intake, fasting glucose, and plasma parameters were analyzed using a model where diet and block 198 

and the interaction between them was included. The intake of glucose, excretion of urine, and metabolites 199 

identified in urine were analyzed using a model with diet, period, and the interaction between diet and period 200 

as sources of variation using the GLM procedure of SAS. Tests were made at the 5% significance level. Least 201 

squares means were compared using Fisher’s least-significance-difference procedure (27). To obtain normality 202 

excretion of urine, concentration of glucose in urine, excretion of glucose as well as a number of metabolites 203 
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determined in urine were analyzed on a logarithmic scale. Because confidence intervals on the original scale 204 

are not symmetric around the parameter estimates, the confidence intervals rather that the SE are presented 205 

for those responses. 206 

A homeostasis assessment model of insulin resistance was calculated using the equation: HOMA-IR = [glucose 207 

(nmol/L) · insulin (mU/mL)/22.5], using fasting values (28). An OGTT was used to determine the glucose 208 

tolerance and the increment in glucose was expressed as the total area under the curve using the trapezoidal 209 

rule. 210 

The digestibility of DM and RS was calculated as: (Xintake – Xoutput)/Xintake · 100% 211 

where X is DM and RS in feed (intake) and feces (output), respectively. 212 

 213 

Results 214 

Experimental diets 215 

The four experimental diets had the same gross energy content (Supplemental Table 2). The protein content 216 

varied slightly being 9-13% higher in the RS diet compared to the other diets. The amount of total starch was 217 

516 g/kg DM in the EMS diet, 566 g/kg DM in the RS diets and 596 and 608 g/kg DM in the starch (S) and GLU 218 

diets, respectively. The proportion of RDS was approximately 50 % lower in the RS diet than in the other diets. 219 

The RS and EMS diets contained 11.2-13.1% of SDS whereas S and GLU contained 5.6-6-7% and only the RS diet 220 

contained an appreciable proportion of RS. The content of NSP was four times higher in the RS diet compared 221 

to the other diets due to the contribution of RS to this chemical subgroup. When analyzing NSP after 222 

solubilizing of RS with DMSO the content of NSP in the RS diet was comparable to the content found in the 223 

other diets (Supplemental Table 2). 224 

 225 

Body weight, feed intake and digestibility 226 
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BW increased gradually during the trial, however, it did not differ between groups until the seventh 227 

experimental week (Supplemental Figure 1). During week 7-9 BW of rats fed RS was significantly higher than 228 

BW of rats fed S, GLU or EMS. The feed intake of rats fed RS was higher than the feed intake of rats fed S, GLU, 229 

and EMS during the entire experiment, whereas the feed intake did not differ between rats fed S, GLU or EMS 230 

(Figure 1a). The feed intake declined temporarily in all groups during week 2 and 8 when the rats were housed 231 

individually in metabolism cages. 232 

The fecal output was 20 g DM/day in rats fed RS whereas it was 4.4-4.6 g DM/day in rats fed S, GLU, and EMS 233 

(P < 0.0001). This resulted in a DM digestibility of 68.6% in rats fed RS and 91.3-91.9% in rats fed S, GLU, and 234 

EMS (P < 0.0001). The higher fecal output and lower DM digestibility in rats fed RS was due to a high output of 235 

RS (10.0 g/day) and an accompanying low digestibility of RS (16.4%) (Supplemental Table 3). In rats fed EMS 236 

only traces of RS was excreted and the digestibility of RS was high (84.4%). 237 

Based on the DM digestibility, the daily intake of digestible DM was calculated (Figure 1b). The intake of 238 

digestible DM varied throughout the experiment, however, the average intake, being 19.0 ± 0.2 g digestible 239 

DM/day, did not differ between the dietary treatment groups. 240 

 241 

 Assessment of insulin sensitivity 242 

Baseline fasting plasma glucose concentration (P = 0.14) and Hb1Ac (P = 0.50) was not different among groups 243 

(Figure 2A, B and D). During the intervention fasting plasma glucose rose for rats on the RS diet, however, after 244 

7 and 8 weeks no difference was observed between the groups (Figure 2A). Fasting glucose (Figure 2B) in 245 

plasma at run-in (week 0) was indistinguishable between groups but at the end of the experiment (week 9) 246 

fasting plasma glucose of rats fed GLU and EMS was 17.0 and 18.9 mmol/L, respectively compared to 13.5 247 

mmol/L for rats fed S and RS (P < 0.0001). In week 7 the rats were given access to feed for 2 hours after the 248 

measurement of fasting glucose and plasma glucose was measured again. The glucose increment in rats fed 249 
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GLU and EMS diets was 11.9-13.9 mmol/L whereas it was 9.4 mmol/L in rats fed S and 3.8 mmol/L in rats fed RS 250 

(P < 0.0001) (Figure 2C). By week 9, Hb1Ac differed significantly between groups (P < 0.0001), being 6.1 ± 0.1 in 251 

rats fed EMS and 4.9 ± 0.1 in rats fed RS (Figure 2D).  252 

Baseline insulin did not differ between groups (P = 0.78) (Figure 2E). After 9 weeks of intervention, insulin was 253 

19.9 ng/mL for rats fed S whereas it was 12.4 ng/mL for rats fed RS (P < 0.0001). At baseline no significant 254 

difference was seen in plasma glucagon (P = 0.49) (Table 1), however, after 9 weeks it was significantly higher 255 

in rats fed RS than in the other groups. Compared to baseline, an increase in plasma glucagon was observed in 256 

the RS group whereas a decrease was observed in the other groups. 257 

The baseline level of HOMA-IR was similar in all treatment groups (Figure 2F). At week 9 HOMA-IR was 258 

significantly lower (P = 0.01) for the RS group compared to the other groups (185 vs. 311-360). 259 

During OGTT all groups displayed maximal plasma glucose after 60 min and the plasma glucose levels had 260 

almost returned to baseline in all groups after 180 min (Figure 3). The area under the curve (AUC0-180 min) did not 261 

differ significantly between the dietary treatment groups. 262 

 263 

Plasma lipid profile 264 

No difference was observed in the baseline level of total cholesterol, HDL cholesterol, TG, and FFA (Table 1). 265 

Total cholesterol increased in all dietary treatment groups; 33 % (P < 0.01) in the RS group whereas the 266 

increase was 70 % (P < 0.001), 77 % (P < 0.001), and 105 % (P < 0.001) in the groups S, GLU, and EMS, 267 

respectively. Hence, at week 9 total cholesterol was 7.35 ± 0.30 mmol/L in rats fed EMS, 6.4 ± 0.3 mmol/L in 268 

rats fed S and GLU, and 4.43 ± 0.30 mmol/L in rats fed RS (P < 0.001). HDL-cholesterol increased significantly in 269 

the EMS group (P = 0.01) and in week 9 this group had the highest (P = 0.02) concentration in plasma compared 270 

to rats fed S and RS. The total cholesterol to HDL-cholesterol ratio decreased significantly for all groups and at 271 

week 9 the ratio tended to be higher for rats fed RS (P = 0.055). TG increased 56-119 % during the intervention, 272 
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however, no difference between the groups was observed in week 9. FFA decreased 26 % (P = 0.02), 43 % (P < 273 

0.001), and 38 % (P < 0.001) for GLU, EMS, and S, respectively, and subsequently the FFA concentration was 274 

higher in rats fed the RS diet than in rats fed S, GLU, and EMS at week 9.  275 

 276 

Hepatic steatosis 277 

At week 9, liver weight differed significantly between the dietary treatment groups (Table 2). In rats fed EMS 278 

the liver weighed 25.5 ± 0.6 g whereas in rats fed RS the liver weighed 18.5 ±0.6 g (P < 0.0001). The fat 279 

percentage of the liver reflected the liver weight and it was 3.5 percentage points higher in rats fed EMS 280 

compared to rats fed RS. This difference was highly significant (P < 0.0001). 281 

 282 

Intake of glucose and urine excretion during week 2 and week 8 283 

The individual feed intake was assessed during week 2 and week 8 when the rats were individually housed in 284 

metabolism cages. The daily intake of glucose differed significantly between dietary treatments as well as 285 

between week 2 and week 8 (Table 3). Overall rats fed RS had a higher intake of glucose than rats fed S, GLU or 286 

EMS. We observed significant interaction between diet and period for the excretion of urine during week 2 and 287 

week 8 (P < 0.0001). The excretion of urine did not vary between the diets during week 2, however, for all diets 288 

except RS the excretion of urine was higher during week 8 than week 2. For rats fed S the excretion increased 289 

by 59% whereas the excretion increased by 139% and 168% for rats fed GLU and EMS, respectively (Table 3). 290 

The concentration of creatinine increased in rats fed S and RS from week 2 to week 8 whereas it decreased in 291 

rats fed GLU and EMS. Both diet and period affected the concentration of glucose in urine, and extremely high 292 

concentrations were observed for rats fed GLU and EMS during week 8. This resulted in high excretions of 293 

glucose in urine during week 8, in rats fed EMS 25% of the glucose ingested was excreted in the urine. 294 

 295 
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Non-targeted LC-MS metabolomics analysis of urine 296 

The quality of the data was evaluated using reinjection of blank samples and QC-sample. The blank samples 297 

showed no addition of peaks throughout the run, suggesting that no cross-contamination between samples 298 

and no carry-over effects occurred. The chromatograms of the QC-samples were indistinguishable from each 299 

other and displayed no significant shifts in retention time. A PCA scores plot showed a close clustering of the 300 

QC-samples (data not shown), indicating that the analytical system was stable for the duration of the run. 301 

After preprocessing the datasets were consisting of 3239 and 3582 metabolic features in negative and positive 302 

mode, respectively. Multivariate analyses were performed on the datasets after preprocessing to test for 303 

effects of dietary treatment and time (week 2 and week 8). 304 

The PCA scores plot of the urine samples (Figure 4) showed a clear discrimination between week 2 and week 8. 305 

During period 2 it was furthermore evident that rats fed RS formed a separate group. The metabolites 306 

responsible for the discrimination were identified using loadings plots (results not shown). The identified 307 

metabolites are shown in Supplemental Table 3. A total of 33 metabolites were identified and the results show 308 

that several metabolic pathways were perturbed during the experimental period. Numerous metabolites 309 

originating from the microbial metabolism e.g. conjugated p-cresol, indoxyl sulfate, and phenylacetylglycine 310 

were identified. Common to all these metabolites was that their excretion during period 2 was lower in rats fed 311 

RS than in rats fed S, GLU and EMS. Urinary excretion of metabolites related to the amino acid metabolism 312 

were altered both due to the experimental diets and the period. The amount of these metabolites was typically 313 

lower in rats fed RS compared to rats fed GLU and EMS and the effect of period was generally a higher 314 

excretion in period 2 compared to period 1 especially in rats fed GLU and EMS. Changes in the excretion of 315 

choline, betaine, carnitine, and acylcarnitine species showed that the lipid metabolism was dysregulated as 316 

well, and changes in the excretion of metabolites of the TCA-cycle were observed too. Alterations in the 317 
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excretion of pantothenic acid and ascorbic acid showed that the vitamin metabolism was affected by 318 

experimental diet and period as well.  319 

 320 

Discussion 321 

In the present study we showed that feeding ZDF-rats RS improved a number of parameters related to glycemic 322 

control and lipid metabolism whereas EMS did not postpone the development of diabetes. 323 

The level of SDS obtained in EMS in the present experiment was much lower than the level obtained using 324 

chemical modification (13-34%) (29). Furthermore, it was shown that by the advent of chemical modification 325 

that a high level of RS (17-58%) was obtained (29). The EMS used in the present experiment was previously 326 

analyzed for relative content of α-1,6 and α-1,4 branching (20) being 14.9% and 83%, respectively. This is in 327 

agreement with the content found in a previous study where waxy maize starch was modified using branching 328 

enzyme and β-amylase (5). However, comparison of chemically- and enzymatically modified starches is difficult 329 

due to the different methods for preparation of the starches and different approaches to characterize the 330 

resulting products. 331 

Feeding the experimental diets for 9 weeks resulted in significantly higher BW in the RS group towards the end 332 

of the experiment. The feed intake was higher for the RS group than for the other groups throughout the 333 

experiment but converting the feed intake to the intake of digestible DM showed that rats fed RS had a lower 334 

intake of digestible DM than rats fed S, GLU, and EMS. Hence, the high excretion of glucose in urine, which is 335 

loss of energy, is the most likely reason for the difference observed in BW of the rats. 336 

The measurements of fasting blood glucose as well as the OGTT in the present experiment did not give an 337 

accurate picture of the glucose sensitivity. Evaluation of fasting blood glucose every second week using a blood 338 

droplet from the tail with a blood glucose monitoring system did not show elevated fasting glucose for the EMS 339 

and GLU groups whereas assessment of fasting plasma glucose in week 9 showed that rats fed EMS and GLU 340 
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were diabetic. This may be due to inaccuracy in the blood glucose monitoring system compared to a standard 341 

chemical analysis of plasma, however it has been shown to have the highest accuracy at high glucose levels 342 

(10-14 mM) (30). In mice it has been shown that glucose tolerance was affected by the length of the fasting 343 

period (30). Thus the largest  difference in glucose responses were detected following 6 h of fasting while the 344 

difference between chow- and high-fat-fed mice was diminished after 24 h fasting (31). Mice and rats primarily 345 

consume at night and an overnight fast elicits a catabolic state where glycogen stores in the liver are depleted 346 

which may reduce variability in baseline blood glucose (32). Measurement of long-term glycemic trends using 347 

HbA1c showed that RS elicited a better control of blood glucose levels which was in accordance with the lower 348 

plasma insulin and improved HOMA-IR observed for this group compared to the other groups. However, during 349 

the experimental period the increased output of urine was the only indication that some of the rats had 350 

developed diabetes. 351 

In week 9, rats fed RS had the lowest level of total and HDL cholesterol of all groups this resulted in the ratio of 352 

HDL to total cholesterol being higher in rats fed RS (P = 0.05) than in rats fed S, GLU, and EMS. This is in 353 

accordance with previous studies showing that RS lowered cholesterol in high-fat fed rats (10, 33). The 354 

cholesterol level was significantly increased in rats fed EMS which is in contrast to other studies where 355 

enzymatically modified rice starch was shown to have hypocholesterolemic effect in mice (34, 35). The 356 

divergence between studies may be due to the different methods used to modify starch and the outcome of 357 

the processes. In humans, the effects of RS on plasma lipids are less conclusive (36).  358 

The increased level of FFAs observed in rats fed RS is not in accordance with other studies (11, 33). The 359 

increased level of FFAs may be a consequence of the higher glucagon concentration seen in the RS group. 360 

During fasting, when the glucose concentration is low, glucagon increases lipolysis (37) whereas it only plays a 361 

limited role for euglycemia (38). The high level of glucagon in rats fed RS compared to the other groups is, 362 

however, surprising as plasma glucagon in usually inappropriately increased in diabetic subjects (39). 363 
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The diet containing RS suppressed the increase in liver fat content observed with the S, GLU and EMS diet. A 364 

similar observation was made by Lopez and coworkers (40). Further evidence of damage to the liver was found 365 

in the increased excretion of taurine in rats fed GLU and EMS. Hypertaurinuria has been linked to 366 

hepatotoxicities (41). The increased excretion of phenylacetylglycine provides evidence that the rats fed GLU 367 

and EMS also are suffering from phospholipidosis (42). 368 

Several metabolites identified in the present study (hippuric acid, p-cresol sulfate and -glucuronide, phenyl 369 

sulfate and -glucuronide, indoxyl sulfate, phenylacetylglycine, and hydroxyphenyllactic acid) are metabolites 370 

usually reported to originate from the intestinal microflora metabolism (43, 44). It is well-known that the 371 

composition of the gut microbiota is affected by diet (45), however, in the present study the difference in 372 

excretion of these compounds, or their conjugates, was not due to diet as the excretion was lower in the RS 373 

group than in the other three treatments groups. The RS group was expected to have the highest microbial 374 

activity due to the presence of fermentable substrate in the hindgut. The altered microflora in the GLU and 375 

EMS groups is therefore most likely due to genetic and metabolic factors characteristic of T2D and the outcome 376 

is enriched xenobiotics biodegradation and metabolism (46). 377 

We identified several metabolites indicating altered amino acid metabolism; the excretion of kynurenic acid 378 

and xanthurenic acid, two metabolites of the tryptophan metabolism, were increased during period 2 when fed 379 

GLU and EMS. These metabolites have been proposed to impair production, release, and biological activity of 380 

insulin and thereby affect insulin sensitivity (47). This finding, however, is not in accordance with Kaur and 381 

coworkers (48) who found decreased urinary levels of kynurenic acid and xanthureninc acid. Oxenkrug (47) 382 

suggested that the kynurenine-nicotinamide adenine dinucleotide metabolism was down-regulated which is 383 

not supported by the results of the present study, where no dietary effect on the excretion of N-384 

methylnicotinamide was observed. Rather, a highly significant increase in the excretion of N-methyl-2-385 

pyridone-5-carboxamide (2PY) was observed. In a comparative study in mouse, rat, and human increased 386 



20 
 

 
 

excretion of  N-methylnicotinamide and 2PY was observed and 2PY was suggested as a unique biomarker for 387 

progression of T2D (41). The increased excretion of a number of N-acetyl amino acids suggests perturbation of 388 

several pathways in the amino acid metabolism in rats fed GLU or EMS (49). 389 

The lipid metabolism was also influenced in GLU and EMS fed rats as displayed by the increased carnitine 390 

excretion from period 1 to period 2 which is corrobating a study in diabetic mice (50). The excretion of two 391 

tentatively identified short-chain acylcarnitines was increased during period 2; in humans this has been 392 

suggested to be an effect of a generalized complex oxidation defect (51). 393 

The urinary excretion of choline decreased in all groups from week 2 to week 8. The choline concentration has 394 

previously been found to be decreased in serum T2D patients (52) whereas the urinary excretion was increased 395 

in diabetic mice (50). Choline is an important precursor of phosphorylcholine, a necessary component for the 396 

assembly and excretion of VLDL. Hence the lack of choline may lead to accumulation of triglycerides in the liver 397 

which eventually leads to liver steatosis as observed in the present study. Choline may be metabolized both by 398 

gut microbiota to trimethylamine and trimethylamine N-oxide or by mammalian mitochondrial pathways to 399 

betaine (53). In the present study increased excretion of betaine was observed in the groups fed GLU and EMS 400 

whereas choline metabolites of microbial origin were not identified. These metabolites are, however, most 401 

frequently observed in NMR-based analyses. Increased excretion of betaine has been seen in both rodent 402 

models of T2D and human T2D subjects (41) and may reflect abnormal renal function (54), but not apparent 403 

renal disease (55). 404 

The urinary excretion of α-ketoglutaric acid, citric acid, and succinic acid, components of the TCA-cycle, was 405 

elevated in rats fed GLU and EMS. Furthermore, the excretion of tartaric acid was increased. Tartaric acid is not 406 

a part of the TCA-cycle but may be a result of the conversion of oxaloacetate to tartrate. Elevated excretion of 407 

metabolites of the TCA-cycle is frequently observed in rodent models (41, 56) but decreased excretion has 408 
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been observed as well (57). The discrepancy between the studies may reside in the time of sampling as 409 

perturbation of metabolites during the development of diabetes in rat models has been observed (56).  410 

In summary, our results show that enzymatic modification of waxy maize starch did not result in a product with 411 

properties that enable a delay of onset of T2D in ZDF rats. On the contrary, rats fed EMS had several signs of 412 

overt diabetes; extremely high levels of glucose in the urine, hypercholesterolemia, and perturbed urinary 413 

excretion of several metabolites that has been described to be altered in diabetic models and T2D humans. The 414 

observed changes were similar to or more pronounced in rats fed GLU, the negative control for EMS. Rats fed 415 

RS showed no clear signs of developing diabetes during the experimental period whereas rats fed S generally 416 

were intermediate with slight hypercholesterolemia, increased HbA1c and HOMA-IR, and intermediate 417 

excretion of urinary metabolites associated with T2D when compared to rats fed RS. The present study also 418 

clearly demonstrated that assessment of fasting blood glucose as indicator of insulin resistance should be 419 

evaluated cautiously. In the present study, no signs of insulin resistance were observed when measuring fasting 420 

blood glucose even though rats fed S, GLU, and EMS had developed diabetes. 421 
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Figure legends: 

Figure 1. (A) Feed intake in grams per 24 h of male Zucker diabetic fatty rats fed diets based on starch (S), 

Glucidex (GLU), resistant starch (RS), or enzymatically modified starch (EMS) for 9 weeks. Data are presented as 

the lsmean, n=12. The feed intake of rats fed RS was significantly greater (P < 0.001) than the feed intake of 

rats fed S, GLU, or EMS during the entire experimental period. (B) Intake of digestible dry matter (DM) in grams 

per 24 h of male Zucker diabetic fatty rats fed diets based on starch (S), Glucidex (GLU), resistant starch (RS), or 

enzymatically modified starch (EMS) for 9 weeks. Data are presented as the lsmean, n=12. * P < 0.05; ** P < 

0.01; *** P < 0.001. Week 1: GLU, EMS > S, RS; week 2: RS > S, GLU, EMS; week 3: GLU, EMS > S, RS; week 5: 

GLU, EMS > S > RS; Week 6: GLU, EMS > S > RS; Week 7: GLU, EMS > S, RS; Week 8: RS > S, GLU, EMS. 

 

Figure 2. (A) Fasting blood glucose, (B) Fasting plasma glucose measured in plasma at run-in (week 0) and week 

9, (C) Blood glucose increment after 2 h access to feed (week 7), (D) HbA1c (%), (E) plasma insulin, and (F) 

HOMA-IR of male Zucker diabetic fatty rats fed diets based on starch (S), Glucidex (GLU), resistant starch (RS), 

or enzymatically modified starch (EMS) for 9 weeks. Data are presented as the lsmean ± SEM, n=12. ** P < 

0.01; *** P < 0.001; a, b, c: columns with different letters differs (P < 0.05). For fasting glucose (A): Week 4: 

EMS significantly lower than S, GLU, and RS; week 6: RS significantly higher than S, GLU, and EMS; and S 

significantly higher than GLU. 

 

Figure 3. (A) Blood glucose and (B) glucose area under the curve (AUC) during an oral glucose tolerance test 

from male Zucker diabetic fatty rats fed diets based on starch (S), Glucidex (GLU), resistant starch (RS), or 

enzymatically modified starch (EMS) for 9 weeks. Data are presented as the mean, n=12. 
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Figure 4. PCA scores plot for the metabolomics profile of urine from male Zucker diabetic fatty rats fed diets 

based on starch (S), Glucidex (GLU), resistant starch (RS), or enzymatically modified starch (EMS). The open 

symbols represent urine collected during week 2 and the closed symbols represent urine collected during week 

8. The variance accounted for by the principle components is shown on the axes. PC, principal component; 

PCA, principal component analysis. 
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Table 1. Plasma profile at baseline and 9 weeks in male ZDF rats fed diets based on starch, glucidex, resistant 

starch, and enzymatically modified starch1 

 Diets2  

 S GLU RS EMS P 

0 weeks      

 Glucagon, pg/mL 84.1 ± 5.0 84.8 ± 4.7 77.9 ± 4.7 88.1 ± 4.7  0.49 

 Total cholesterol, mmol/L 3.77 ± 0.11 3.62 ± 0.11 3.34 ± 0.11 3.59 ± 0.11  0.07 

 HDL-cholesterol, mmol/L 2.72 ± 0.12 2.69 ± 0.12 2.43 ± 0.12 2.69 ± 0.12  0.24 

 HDL/TC3 0.73 ± 0.02 0.74 ± 0.02 0.73 ± 0.02 0.75 ± 0.02  0.91 

 TG, mmol/L 1.81 ± 0.18 2.05 ± 0.18 1.97 ± 0.18 1.71 ± 0.18  0.53 

 FFA, mmol/L 0.97 ± 0.06 0.77 ± 0.06 0.87 ± 0.06 0.82 ± 0.06  0.15 

9 weeks      

 Glucagon, pg/mL 68.4 ± 2.7b 69.3 ± 3.3b 87.8 ± 2.7a 62.0 ± 2.7b  <0.0001 

 Total cholesterol, mmol/L 6.40 ± 0.30b 6.39 ± 0.31b 4.43 ± 0.30c 7.35 ± 0.30a  <0.0001 

 HDL-cholesterol, mmol/L 2.46 ± 0.33b 2.83 ± 0.35ab 2.40 ± 0.33b 3.77 ± 0.33a  0.02 

 HDL/TC3 0.37 ± 0.05 0.45 ± 0.05 0.55 ± 0.05 0.51 ± 0.05  0.05 

 TG, mmol/L 3.95 ± 0.36 3.19 ± 0.38 3.66 ± 0.36 2.86 ± 0.36  0.17 
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 FFA, mmol/L 0.55 ± 0.05b 0.57 ± 0.05b 0.84 ± 0.05a 0.51 ± 0.05b  0.0003 

1Data are presented as the least squares mean ± SEMs, n = 12. Labeled means in a row without a common 

letter differ, P < 0.05. 

2S, starch; GLU, glucidex; RS, resistant starch; EMS, enzymatically modified starch. 

3Total cholesterol to HDL-cholesterol ratio. 
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Table 2. Liver weight and fat concentration in male ZDF rats fed diets based on starch, glucidex, resistant 

starch, and enzymatically modified starch for nine weeks1. 

 Diet2  

 S GLU RS EMS P 

Liver weight (g) 22.8 ± 0.6b 23.4 ± 0.6b 18.5 ± 0.6c 25.5 ± 0.6a <0.0001 

Liver fat (%) 4.59 ± 0.22b 4.64 ± 0.22b 1.87 ± 0.22c 5.38 ± 0.22a <0.0001 

1Data are presented as the least squares mean ± SEM, n = 12. Labeled means in a row without a common letter 

differ, P < 0.05. 

2S, starch; GLU, glucidex; RS, resistant starch; EMS, enzymatically modified starch. 
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Table 3. Intake of glucose and excretion of glucose in urine of male ZDF rats after week 2 and 8 of feeding diets based on starch, glucidex, resistant starch, and 

enzymatically modified starch 

  Diets1 P 

 Period S GLU RS EMS Diet Period D x P 

Glucose intake2,  

g/day 

Week 2 10.6 ± 0.2 10.8 ± 0.2 12.4 ± 0.2 10.2 ± 0.2 <.0001 0.003 NS 

Week 8 10.9 ± 0.2 11.5 ± 0.2 12.5 ± 0.2 11.1 ± 0.2 
   

Excretion of urine3, 

mL/day 

Week 2 7.8d (6.8, 9.1) 9.1cd (7.9, 11) 9.6cd (8.3, 11) 9.6cd (8.3, 11) <.0001 <.0001 <.0001 

Week 8 13b (11, 15) 22a (19, 26) 11bc (9.3, 12) 26a (22, 30) 
   

Creatinine4, Week 2 4424 ± 186c 4121 ± 186b 4090 ± 186c 4070 ± 186c <.0001 0.01 <.0001 

µmol/L Week 8 5345 ± 263b 3500 ± 194d 6687 ± 194a 2882 ± 186e 
   

Glucose3,  Week 2 22.3d (14.1, 35.1) 82.1c (52.1, 129) 6.5e (4.1, 10.2) 129c (82, 203) <.0001 <.0001 0.002 
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mmol/L Week 8 268b (170, 423) 511a (325, 807) 13.1d (8.3, 20.6) 596a (378, 940) 
   

Excretion of glucose3,  

g/day 

Week 2 0.031d (0.018, 0.054) 0.13c (0.078, 0.23) 0.011e (0.007, 0.019) 0.22c (0.13, 0.38) <.0001 <.0001 0.0004 

Week 8 0.67b (0.39, 1.16) 2.01a (1.17, 3.46) 0.025d (0.014, 0.043) 2.77a (1.61, 4.77)       

1S, starch; GLU, glucidex; RS, resistant starch; EMS, enzymatically modified starch. 

2Values are least squares means ± SEMs, n=12.  

3Values are back-transformed least squares means (95% CIs), n=12. Labeled means within a response without a common letter differ, P < 0.05. 

4Values are least squares means ± SEMs, Diet S, week 8: n=6; Diet GLU, week 8: n=11; Diet RS, week 8: n=11. Labeled means without a common letter differ, P < 

0.05.
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Figure 1. 
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Figure 2 
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Figure 3 
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Figure 4 
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