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Abstract 15 

Digestion of starch especially the rapidly digestible starch (RDS) leads to hyperglycemia. There is 16 

a clear relationship between postprandial hyperglycemia and diet-related health problems like 17 

diabetes and obesity, and the most useful therapy for these problems is to moderate postprandial 18 

blood glucose levels. This study aimed to determine the inhibition of starch digestion activities by 19 

peptides derived from camel milk proteins and to assess the effect of their amino acids charge 20 

and/or hydrophobicity. Starch digestion by pancreatic and brush border enzymes was assessed in 21 

vitro with a peptide to starch ratio of 1:3 (w/w). Hydrolysed whey proteins were more inhibitory 22 

than hydrolysed casein. Peptides were fractionated by cation exchange chromatography (CEX) 23 

and hydrophobic interaction chromatography (HIC). The successive chromatographic separation 24 

by CEX and HIC enriched positively charged peptides with hydrophobic amino acids. Whey 25 

protein hydrolysate inhibited starch hydrolysis by 16%; peptide fractions recovered after CEX and 26 

HIC inhibited starch hydrolysis by 33 – 36%. Peptides in the active fractions were identified by 27 

LC-MS/MS and the inhibitory activity of 6 synthetic peptides was evaluated. Two of these six 28 

peptides, LALDIEIATYR and VLDELTLAR, inhibited starch hydrolysis by 34 – 37%. In 29 

conclusion, specific peptides that are produced before or during in vitro digestion can inhibit starch 30 

digestion and may moderate postprandial blood glucose levels in vivo.  31 

KEYWORDS: Camel milk, whey protein, bioactive peptides, starch digestion inhibition, charge, 32 

hydrophobicity. 33 

34 
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1 Introduction  35 

Starch is the storage polysaccharide in seeds of many plant crops including legumes and cereals 36 

(Perin & Murano, 2017). Starch is the only polysaccharide that is hydrolyzed by human intestinal 37 

enzymes and provides 45-65% of the daily dietary energy for humans worldwide (Augustin et al., 38 

2015). Depending on the botanical origin, starch consists of 74%-82% amylopectin and 18%-26% 39 

amylose (Englyst et al., 1992; Miao & Hamaker, 2021). Starch has been classified as non-glycemic 40 

or glycemic (Augustin et al., 2015; Hasek et al., 2018). Glycemic starch includes rapidly digestible 41 

starch (RDS) and slowly digestible starch (SDS). Non-glycemic starch or resistant starch is not 42 

hydrolysed in the small intestine but fermented in the large intestine (Englyst et al., 1992).  43 

Starch is digested in two stages: the intraluminal stage, which involves hydrolysis by salivary and 44 

pancreatic α-amylases; the brush border stage, which involve maltase/glucoamylase (MGAM, EC 45 

3.2.1.20/3.2.1.3) and sucrase/isomaltase (SIM, EC 3.2.1.48/3.2.1.10) as the main enzymes with 46 

activity on oligosaccharides derived from starch, followed by absorption of glucose (Zhang et al., 47 

2015). Digestion of glycemic starch, especially RDS, leads to fast rise of blood glucose levels. 48 

Postprandial hyperglycemia is related to diet-related health problems like diabetes and obesity 49 

while slowly digestible starch (SDS) liberates glucose more slowly and is considered more 50 

beneficial than RDS (Hanefeld & Schaper, 2007).  51 

The ratio of amylopectin to amylose, crystallinity, porosity, surface area, and integrity all affect 52 

starch digestibility (Miao & Hamaker, 2021). The food matrix, e.g. the presence of proteins, 53 

dietary fibre, lipids and phenolic compounds, also leads to changes in starch digestion either 54 

through inhibition of starch digestive enzyme, or by modulation of the kinetics of digesta transit 55 

(Lopez-Rubio et al., 2008; Metzler-Zebeli et al., 2010; Wolever, 2017). Helical complexes like 56 

V-type crystalline starch are produced when free fatty acids or/and monoglycerides interact with 57 
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amylose, resulting in crystalline amylose that is resistant to digestion (Luo et al., 2020). 58 

Interactions between starch and phenolic compounds decrease starch digestibility by several 59 

mechanisms including inhibition of pancreatic α-amylase and brush border enzymes, enhancing 60 

amylose crystallinity, or by physical complexation (Li et al., 2020; Simsek et al., 2017; Sun et al., 61 

2018). Proteins of wheat and other grains physically surround the granules of starch, limiting 62 

access of digestive enzymes (Bhattarai et al., 2018; Zhou et al., 2018). In addition, dietary fibre 63 

and peptides derived from protein hydrolysis inhibit starch digestion (Augustin et al., 2015; 64 

Layman et al., 2003). 65 

Bioactive peptides are generated by hydrolysis of proteins in vivo and/or ex vivo through digestive 66 

enzymes, microbial enzymes, and microbial fermentation (Park, 2009). Bioactive peptides in milk 67 

protein hydrolysates were suggested to inhibit starch digestion by inhibition of intestinal 68 

α-glucosidases (Lacroix & Li-Chan, 2013; Park, 2009). In vivo human trials demonstrated effects 69 

of milk protein hydrolysates (Sartorius et al., 2019), casein hydrolysates (Geerts et al., 2011), and 70 

whey protein hydrolysates (Chen et al., 2020) on the postprandial glucose levels but did not 71 

identify individual peptides with inhibitory activity on starch digestion. 72 

Most studies with milk-derived peptides were conducted with bovine milk and only a few studies 73 

have investigated the bioactive peptides from camel milk (El-Agamy, 2009). Camel milk whey 74 

proteins consist of a high proportion of hydrophobic amino acids and contain a high content of 75 

Phe, Val, Leu, Lys, Glu and Pro (El-Agamy, 2009; Rafiq et al., 2015). These intrinsic 76 

characteristics of whey proteins from camel milk make these promising candidates for generation 77 

of bioactive peptides that inhibit starch digestion. The aims of this study therefore were: (i) to 78 

assess the effect of enzymatic hydrolysis of proteins from camel milk on in vitro starch digestion, 79 
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(ii) to enrich active peptides by fractionation with cation exchange chromatography and 80 

hydrophobic interaction chromatography, and (iii) to determine the sequences of active peptides.   81 

2 Materials and methods 82 

2.1 Isolation of cheese whey.  83 

Unpasteurized and lyophilized skim milk from Bactrian camels was obtained from the Inner 84 

Mongolia Agricultural University, Hohot, China. Skim camel milk was reconstituted by dissolving 85 

the skim milk powder in water at a solid to water ratio of 1:10 (w/v) with vigorous stirring (1000 86 

rpm, 23˚C) for 2h. The reconstituted milk was heated to 37˚C and 1mL camel chymosin (Chr. 87 

Hansen, Bayswater, Australia) was added to 1L milk, followed by incubation at 37℃ for 60min. 88 

Precipitated proteins were removed from the supernatant containing whey proteins and the 89 

caseinmacropeptide by centrifugation at 5,000×g for 60min at 4˚C. The latter step was repeated 3 90 

times, and the supernatant was lyophilized and stored at -20˚C until further analysis.  91 

2.2 Hydrolysis of casein and whey protein.  92 

Whey proteins and casein were hydrolyzed by addition of proteases from Aspergillus oryzae 93 

(Flavourzyme, Sigma, Canada, EC: 232-752-2). A 10% (w/v) whey or casein solution was 94 

prepared, and the pH value for solution was adjusted to 6.0 using 0.1M HCL. Flavourzyme was 95 

added at 0.05% (v/v) and the mixture was agitated with glass beads at 50˚C for 24h to hydrolyze 96 

proteins. The reaction was stopped by heating to 95ºC for 5min, then the hydrolysates were 97 

lyophilized and stored at −20°C for further analysis. The hydrolysis was conducted in triplicate. 98 

2.3 Hydrophobic interaction chromatography (HIC) 99 

Camel milk whey hydrolysates were fractionated by HIC on an Octyl Sepharose CL-4B column 100 

(1.5cm × 15cm, Octyl Sepharose CL-4B, GE Healthcare, Chicago, IL) that was linked to a UV 101 
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detector (220nm). Freeze-dried camel milk whey hydrolysates were dissolved in 0.1% 102 

trifluoroacetic acid (TFA) and the pH was adjusted to 6.0. Of this solution, 250mL were loaded on 103 

the column. The column was washed with 250mL distilled water (pH 6) and eluted with 250mL 104 

5% isopropanol in water with 0.1% TFA. The fractions were pooled based on the 220 and 280 nm 105 

absorbance, freeze-dried, and analyzed by starch digestibility assay as described above (Figure 1).  106 

2.4 Cation exchange chromatography (CEX) 107 

Camel milk whey hydrolysates (Table 1) were fractionated by CEX on a 1.5cm × 15cm, SP- 108 

Sepharose fast flow column (GE Healthcare, Chicago, IL). Freeze-dried camel milk whey 109 

hydrolysates were dissolved in distilled water to a concentration of 1g/L and the pH was adjusted 110 

to 7.0. Of this solution, 250mL were loaded on the column and the column was washed with 111 

distilled water (pH 7). The column was eluted with a linear gradient of 0 to 2M NaCl in water and 112 

the fractionation was monitored by measuring the absorption at 220nm. The fractions were pooled 113 

based on peaks, then part of each pooled fraction was freeze-dried, and analyzed for the starch 114 

digestibility assay as described above.  115 

Fraction (F1) from the CEX was further purified and sub-fractionated by HIC as described above. 116 

The column was washed with 0.1% TFA and eluted with 5% isopropanol in 0.1% TFA. The 117 

fractions were pooled based on peaks, freeze-dried, and analyzed with the starch digestibility assay 118 

as described in section 2.7. (Figure 1).  119 

2.5 Peptide sequencing 120 

Fraction F1 after HIC and the pooled fractions F1* and F2* after CEX-HIC were selected for 121 

peptide sequencing by LC-MS/MS. Peptide sequencing was carried out by Alberta Proteomics and 122 

Mass Spectrometry Facility in the Department of Biochemistry of the University of Alberta. 123 
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Briefly, 50µg of sample was dissolved in 100mM ammonium bicarbonate to a concentration of 124 

1.0g/L, reduced with dithiothreitol and alkylated with iodoacetamide. Samples were then digested 125 

overnight with trypsin (2µg, Promega sequencing grade) at 37˚C. After digestion, the pH of the 126 

samples was adjusted to 3-4 with formic acid, dried, dissolved in water + 0.2% formic acid, and 127 

desalted (Pierce C18 tips). The sample was additionally analysed without trypsin hydrolysis. 128 

The peptides were resolved and ionized by using nano-flow HPLC (Easy-nLC 1000, Thermo 129 

Scientific) coupled to a Q Exactive Orbitrap mass spectrometer (Thermo Scientific) with an 130 

EASY-Spray capillary HPLC column (ES800A, Thermo Scientific). The mass spectrometer was 131 

operated in data-dependent acquisition mode, recording high-accuracy and high-resolution survey 132 

orbitrap spectra using external mass calibration, with a resolution of 35,000 and m/z range of 300–133 

1700. The 12 most intense multiply charged ions were sequentially fragmented by using high 134 

energy collision induced dissociation and spectra of their fragments were recorded in the orbitrap 135 

at a resolution of 17,500. Data was processed using Proteome Discoverer 1.4 (Thermo Scientific) 136 

and the database was searched using SEQUEST (Thermo Scientific). Search parameters included 137 

a strict false discovery rate (FDR) of 0.01, a relaxed FDR of 0.05, a precursor mass tolerance of 138 

10ppm and a fragment mass tolerance of 0.01Da.  Peptides were searched with carbamidomethyl 139 

cysteine as a static modification and oxidized methionine and deamidated glutamine and 140 

asparagine as dynamic modifications. 141 

2.6 Peptide synthesis 142 

Six short peptides identified in the most potent HIC fractions and CEX-HIC fractions were chosen 143 

for peptide synthesis. The selected peptide sequences were synthesized by Canada Peptide (Pointe-144 

Claire, Quebec, Canada) with 92.5 – 97.9 % purity. The effect of the peptides on starch digestibility 145 

was assayed as described in section 2.7. 146 
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2.7 In vitro digestibility of starch and starch-peptide mixtures 147 

Starch digestion in vivo simultaneously hydrolyses dietary proteins and peptides through the 148 

activity of pepsin, pancreatic enzymes, and brush border peptidases. To mimic the in vivo situation, 149 

the assay for starch digestibility used pancreatic enzymes and brush border enzymes that also have 150 

protease or peptidase activity. Starch (7.5mg; potato starch, Sigma, Canada) or peptide-starch 151 

mixtures (2.5mg peptide: 7.5mg starch) were suspended in 1mL of water, heated for 10min at 85℃ 152 

to gelatinize the starch, and incubated at 37℃ for 16h. Protein or peptide samples that were 153 

analysed are shown in Table 1. Digestion of starch and proteins or peptides was carried out by 154 

adding 0.5mg of pepsin (250U/mg, Sigma, Canada) and incubation at pH 2.0 and 37℃ with 155 

agitation at 200rpm for 30min. The pH of the digesta was adjusted to pH 6.0 with 2M NaOH prior 156 

to addition of porcine pancreatic enzymes and brush border enzymes from the rat intestinal mucosa 157 

(Tsunehiro et al., 1999). In brief, 1ml of 50mM sodium maleate buffer pH 6.0 containing 0.07g 158 

porcine pancreatin (Sigma, USA; 45U/mg lipase, 42U/mg amylase, and 3.0U/mg protease) and 159 

10g/L rat small intestinal enzyme (Sigma, USA) was added to 1ml of digesta. After adding ~ 5 160 

glass beads (5mm diameter), the reaction mixture was incubated at 37℃ and pH 6 for 4h with 161 

agitation at 200rpm. The digestion process was stopped by heating to 95℃ for 4min. The samples 162 

were cooled on ice and centrifuged at 5, 000 ×g for 5min at 4˚C. The glucose concentration for 163 

samples and controls was measured with the D-glucose (GOPOD-format) kit (Megazyme, Bary, 164 

Ireland) (Figure 1).  165 

2.8 Statistical Analysis.  166 

Starch digestibility assay was performed in triplicate biological repeats with three technical 167 

repeats, and the results are presented as means ± standard error. To determine the statistical 168 

differences between the samples, p-values were calculated using Tukey Pairwise Comparisons at 169 
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95% Confidence in Minitab 19 (The differences between the conditions are considered significant 170 

if p-value < 0.05). 171 

3 Results 172 

3.1 Starch digestibility inhibition of camel whey and whey hydrolysates. 173 

The starch digestibility assay was applied to starch alone or mixtures of peptides / proteins and 174 

starch in a ratio of 1:3 (w/w peptide: starch). The digestibility assay included addition of pepsin, 175 

pancreatic enzymes, and brush border enzymes to mimic the enzymes involved in starch and 176 

protein digestion in the digestive tract. It was previously shown that the activity of brush border 177 

glycosyl hydrolases from rat intestinal mucosa corresponds the activity of human brush border 178 

enzymes (Oku et al., 2011).  179 

Whey and casein inhibited starch hydrolysis by about 10 and 7%, respectively (Table 1). 180 

Enzymatic hydrolysis of whey and casein with flavourzyme increased the inhibition of starch 181 

hydrolysis by whey and casein hydrolysates to about 17 and 11%, respectively (Table 1). 182 

Hydrolyzed whey consists of 13.6% proteins or peptides while the protein or peptide content in 183 

the casein hydrolysate is more than 85%, therefore, any peptides in the whey fraction presumably 184 

are more active and subsequent analyses focused on whey hydrolysates.  185 

3.2 Purification of Bactrian camel whey hydrolysate. 186 

Peptides obtained by Flavourzyme hydrolysis of camel whey proteins were first fractionated by 187 

HIC. Fractions were characterized with respect to the inhibition of starch hydrolysis. Fractionation 188 

of by HIC resulted in five fractions (Figure 2). Among these fractions, fraction 1 (F1) was most 189 

inhibitory to starch hydrolysis (Figure 3). 190 
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In addition, peptides in the whey hydrolysate were fractionated by CEX. Whey hydrolysate 191 

purified by CEX was collected in four fractions (Figure 4A). The chromatogram and the inhibition 192 

of starch hydrolysis by the fractions are shown in Figure 4B and 5B, respectively. Fraction F1 193 

from CEX exhibited the highest inhibitory activity on starch hydrolysis (Fig. 5B) and was 194 

subsequently fractionated by HIC (CEX-HIC). Of the fractions eluting from the HIC column, 195 

fractions F1* and F2* were most inhibitory to starch hydrolysis. These two fractions were pooled 196 

and selected for peptide sequencing by LC-MS/MS. Peptides in fraction F1 eluting from HIC was 197 

also sequenced for comparison. 198 

3.3 Peptide sequences in fractions inhibiting starch hydrolysis.  199 

The fractionated peptides were sequenced by LC/MS/MS after trypsin digestion. A total of 22 200 

peptides were identified in fraction F1 after HIC separation. Peptide sequences consisted of 7-24 201 

amino acids with molecular weights (Mw) ranging from 994 to 2933Da (Table 2). In the pooled 202 

fractions F1* and F2* obtained after fractionation on CEX and HIC, 13 peptides were identified 203 

after trypsin digestion. In addition, 2 peptides were identified in a sample that was analyzed 204 

without a trypsin digestion step. The molecular weights of the peptide sequences ranged from 956 205 

to 1708Da, and the peptides contained 8-19 amino acids (Table 3). 206 

3.4 Inhibition of starch hydrolysis by synthesized peptides 207 

The starch digestibility assay as described above was applied to the selected synthesized peptides 208 

sequences to determine their inhibitory activity on starch hydrolysis. All sequences matched 209 

Camelus bactrianus proteins with 100% identity and coverage (Table 4). Table 4 illustrates that 210 

two sequences that were identified after fractionation on HIC and CEX and HIC; LALDIEIATYR 211 

(LR11) and VLDELTLAR (VR9) were as active as the entire fraction. LR11 and VR9 inhibited 212 



11 

 

starch hydrolysis by about 37 and 33%, respectively. The remaining peptides were inactive or 213 

much less active (Table 4). The two active peptides carried a single negative charge at neutral pH 214 

and included 4 – 6 hydrophobic amino acids. Peptides with lower activity differed in their net 215 

charge at neutral pH (uncharged or positively charged) and/or included only 1 – 3 hydrophobic 216 

amino acids.  217 

4 Discussion 218 

Protein and peptides can delay starch digestion by inhibition of the enzymes responsible for starch 219 

digestion, such as α-amylase, α-glucosidase (Augustin et al., 2015; Gangoiti et al., 2018; Layman 220 

et al., 2003; Yu et al., 2012). This study demonstrates that some of the peptides derived from camel 221 

milk whey protein also inhibit starch digestion. Purification and fractionation of camel milk whey 222 

protein peptides depending on the content of hydrophobic and positively charged amino acids 223 

strongly increased the inhibition of starch digestion. For two of the peptides, inhibition of starch 224 

digestion was confirmed by assays with chemically synthesized peptides. 225 

Camel milk whey protein is not as well studied as bovine milk whey protein and the biological 226 

activities of bioactive peptides derived from camel milk whey protein are not fully explored (Jafar 227 

et al., 2018). The in vitro and in vivo studies reported that the antihyperglycemic activity of bovine 228 

whey protein hydrolysates are higher than that of the casein hydrolysates (Park, 2009; Sartorius et 229 

al., 2019). Pepsin-treated bovine α-lactalbumin exhibited the highest antihyperglycemic activity 230 

compared to other pepsin-treated whey proteins including bovine serum albumin, β-lactoglobulin, 231 

lactoferrin, and whey protein isolate, whereas the β-lactoglobulin showed the lowest 232 

antihyperglycemic activity (Lacroix & Li-Chan, 2013). We confirm a higher activity of whey 233 

proteins for casein and whey protein hydrolysates from camel milk whey. Bactrian camel milk 234 

whey hydrolysates with 13.6% protein content showed an inhibition of starch hydrolysis that was 235 
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higher than the inhibition by a casein hydrolysate. The fractionation of the camel milk whey protein 236 

hydrolysate by HIC or by CEX-HIC further increased the activity more than two-fold (Table 1), 237 

suggesting that charged and hydrophobic amino acids enhance activity.  238 

Inhibition of starch digestive enzymes has been reported for protein hydrolysates and peptides 239 

derived from albumin (Yu et al., 2012), legumes (Ngoh & Gan, 2016), cumin (Siow & Gan, 2016), 240 

and milk (Lacroix & Li-Chan, 2013) but only few studies reported specific peptide sequences with 241 

inhibitory activity. The cumin seed derived peptide FFRSKLLSDGAAAAKGALLPQYW 242 

inhibited α-amylase by 25% (Siow & Gan, 2016). KLPGF derived from albumin inhibited 243 

α-amylase and α-glucosidase activities with IC50 values of about 120 and 59 μM, respectively (Yu 244 

et al., 2012). We identified LALDIEIATYR and VLDELTLAR as peptides with the highest 245 

inhibitory activity on starch hydrolysis; the remaining synthesized peptides had only limited 246 

inhibitory activity on starch hydrolysis (Table 4). Peptides from camel whey proteins with in vitro 247 

inhibitory activity on digestive glucosidases thus contain one or more negatively charged residues 248 

(E or D), one positively charged residue (K or R) with a single negative charge at physiological 249 

pH. Moreover, aromatic or aliphatic hydrophobic residues (I, V, L, Y, F or W) account for about 250 

45% (4/9 and 5/11) of the amino acids. α-Lactalbumin is the major component of camel milk whey 251 

protein constituting about 47% (Laleye et al., 2008) but peptides that inhibited intestinal 252 

α-glucosidases were derived from minor whey proteins (Table 4), which further supports that 253 

inhibitory activity is specific for the peptide sequence. 254 

Peptides that inhibit starch digestion act locally in the gastrointestinal tract (Xu et al., 2019), and 255 

the bioavailability of these peptides is affected by digestive enzymes in the gastrointestinal tract, 256 

metabolism, and absorption. Our assay differs from previous studies by including brush border 257 

enzymes in the in vitro assay for starch digestion. This approach has the advantage of simulating 258 
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the in vivo digestion more closely, however, because the commercial preparation of brush border 259 

enzymes also includes brush border peptidases, the peptides used may have been further modified 260 

during the digestion assay. Pepsin hydrolysis in the stomach is the first step in food protein 261 

digestion and proteins are then further hydrolysed by the pancreatic proteases trypsin and 262 

chymotrypsin, and by brush border peptidases (Hooton et al., 2015). Brush border enzymes that 263 

contribute to peptide hydrolysis include the peptidyl dipeptidase, aminopeptidase N, dipeptidyl 264 

aminopeptidase IV, γ-glutamyltranspeptidase, aminopeptidase A, and carboxypeptidase (Hooton 265 

et al., 2015; Mentlein, 2004; Yoshioka et al., 1988). The biological activity of peptides depends 266 

on the degree of hydrolysis by these digestive enzymes (Xu et al., 2019; Yoshioka et al., 1988; 267 

Zambrowicz et al., 2015). Proteins with high content of proline are resistant to gastric and 268 

pancreatic peptidases, and proline-rich peptides are thus most likely to escape the digestion and to 269 

reach the intestinal membrane in relatively intact sequence to face the brush border enzymes 270 

(Mentlein, 2004; Yoshioka et al., 1988). Peptides with multiple proline residues including IPP 271 

(Nongonierma & FitzGerald, 2016), VPP (Ten Have et al., 2015) and HLPLP (Sánchez-Rivera et 272 

al., 2014) have been detected in the plasma of human and animals. Only few of the peptides in the 273 

active fractions and none of the synthetic peptides with high inhibitory activity included proline in 274 

their sequence (Tables 2 – 4), however, because peptides that inhibit starch digestion may be active 275 

in the luminal stage of starch digestion by pancreatic amylases (Zhang et al., 2015), resistance to 276 

hydrolysis by brush border enzymes is not a prerequisite for activity. Whey-derived peptides were 277 

shown to inhibit brush border peptidases (Lacroix & Li-Chan, 2014), which may have increased 278 

the time needed for hydrolysis of peptides or peptide fractions that were assessed in the present 279 

study with respect to in vitro activity.  280 



14 

 

Several in vivo studies demonstrated that dietary peptides or proteins may reduce the relative 281 

glycemic response. VAGTWY from trypsin-treated bovine whey proteins showed significant 282 

decrease in postprandial glucose level in mice with an IC50 value about 174 μM (Uchida et al., 283 

2011). Bovine whey proteins were more effective in reducing postprandial blood glucose levels in 284 

humans than other proteins (Wolever, 2017) but the effect was also observed with glucose rather 285 

than starch as carbohydrate source (Gunnerud et al., 2013; Lan-Pidhainy & Wolever, 2010) and 286 

thus relates to mechanisms that are independent of the rate of starch hydrolysis. Human intervention 287 

studies with bovine casein hydrolysates or whey protein hydrolysates also consistently reported 288 

reduced postprandial blood glucose level (Geerts et al., 2011; Manders et al., 2006; Sartorius et al., 289 

2019). Because the available clinical studies all used bovine milk but did not compare different 290 

peptides or peptide fractions, and did not relate the in vivo effect on the relative glycemic response 291 

to the rate of starch hydrolysis in the small intestine, it is not possible to relate the in vitro inhibitory 292 

effect on starch digestion that was observed in the present study to these clinical data. Moreover, 293 

while a protein to starch ratio of 1:3 (w/w) may match the dietary intake of protein (hydrolysates) 294 

and starch, the same ratio by far exceeds the intake of peptide fractions or synthetic peptides as 295 

dietary supplement. The contribution of the inhibition of luminal or brush border glucosyl 296 

hydrolases by whey protein-derived peptides on the glycemic response thus remains subject to 297 

future investigations.  298 

Conclusion  299 

The prevalence of food-related chronic diseases including diabetes mellitus has increased 300 

worldwide. Rapid digestion of dietary starch leads to hyperglycemia that may lead to the 301 

development of insulin resistance and diabetes mellitus. Delaying carbohydrate digestion is an 302 

accepted approach as a treatment of type-2 diabetes. The present study identified specific whey 303 
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peptides from camel milk with inhibitory activity on in vitro starch hydrolysis. This finding may 304 

inform future studies to improve the use of (camel) milk proteins or protein hydrolysates in dietary 305 

intervention strategies to reduce the risk of insulin resistance and diabetes. 306 
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Figure legends 464 

Figure 1. Flow diagram for the isolation of bioactive peptide from camel milk whey protein. 465 

Figure 2. Fractionation of peptides obtained by hydrolysis of camel whey with flavourzyme on 466 

Octyl Sepharose CL-4B column (hydrophobic interaction chromatogram; HIC). The column was 467 

eluted with 5% isopropanol. The volume of each fraction was 5mL. Fractions are labeled with S, 468 

W, F1, F2 and F3 to designate elution during sample loading, washing, and eluate that was pooled 469 

in fractions F1, F2 and F3. The fraction that was selected for peptide sequencing is underlined. 470 

Figure 3. Inhibition of starch hydrolysis by peptides obtained by hydrolysis of camel whey with 471 

flavourzyme and fractionation on an Octyl Sepharose CL-4B column (hydrophobic interaction 472 

chromatogram; HIC). The inhibitory activity is expressed as % reduction relate to starch hydrolysis 473 

without peptide addition. Fractions are labeled with S, W, F1, F2 and F3 to designate elution during 474 

sample loading, washing, and eluate that was pooled in fractions F1, F2 and F3. 475 

Figure 4. Panel A: Fractionation of peptides obtained by hydrolysis of camel whey with 476 

flavourzyme on SP- Sepharose fast flow cation exchange chromatography (CEX). Panel B: 477 

Fractionation of F1 eluting from CEX on an Octyl Sepharose CL-4B column (hydrophobic 478 

interaction chromatogram; HIC). The volume of each fraction was 5mL. Fractions are labeled with 479 

S, W, F1, F2 and F3 to designate elution during sample loading, washing, and eluate that was 480 

pooled in fractions F1, F2 and F3. Fractions eluting from the HIC column are designated with an 481 

asterisk; fractions that were selected for further fractionation or peptide sequencing are underlined.  482 

Figure 5. Inhibition of starch hydrolysis by peptides obtained by hydrolysis of camel whey with 483 

flavourzyme and fractionation. Panel A. Fractions obtained with a SP- Sepharose fast flow cation 484 

exchange (CEX) column. Panel B. Fractions after separation on CEX and subsequent separation 485 
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of fraction F1 on an Octyl Sepharose CL-4B column (hydrophobic interaction chromatography; 486 

HIC). The inhibitory activity is expressed as % reduction relate to starch hydrolysis without 487 

peptide addition. Fractions are labeled with S, W, F1, F2 and F3 to designate elution during sample 488 

loading, washing, and eluate that was pooled in fractions F1, F2 and F3. 489 
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Table 1. Peptide recovery after chromatography on SP-Sepharose fast flow column (cation 

exchange chromatography; CEX) and on Octyl Sepharose CL-4B column (hydrophobic 

interaction chromatography; HIC), and inhibition of starch digestion of collected fractions 

(peptides) at the ratio 1:3 (w/w peptide: starch) respectively. The intact and hydrolyzed casein and 

whey protein sample analyses were performed in triplicate and fractions were collected in 

duplicate. 

Sample 
Amount of protein or % of protein 

recovered after chromatography  

Inhibition of 

starch hydrolysis 

Camel milk -- not determined 

Casein -- 7.6% ±1.1 

Whey -- 10.1% ±0.9 

Hydrolyzed casein -- 11.3% ±0.9 

Hydrolyzed whey 
250mg, corresponding to 34mg whey 

protein 
16.5% ±0.2 

Fraction 1 after HIC 32%  26.9% ±0.1 

Fraction 1 after CEX 86% 24.1% ±0.1 

Fraction F1* after CEX and HIC 45% 32.8% ±0.4 

Fraction F2* after CEX and HIC 09% 35.7% ±0.3 
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Table 2. Sequences of peptides in camel whey protein hydrolysates in fraction F1 obtained after 

separation on an Octyl Sepharose CL-4B hydrophobic interaction column. Peptides were 

sequenced by LC-MS/MS after trypsin hydrolysis. 

a)Sequences that were not identified after additional fractionation on a cation exchange column 

(Table 3) are underlined.  

Sequence RT (min) m/z pI 

VTMQNLNDR 13.30 1090.53 6.61 

IRDWYQRa) 13.35 1036.53 9.84 

LVPVICHR 13.47 993.57 8.86 

GFSSGSAVVSGGSR 13.54 1254.61 10.84 

LASYLDKVR 14.64 1064.61 9.74 

YFCDNQETISSK 14.65 1491.64 3.93 

ALEEANADLEVK 16.31 1301.66 3.54 

IRLENEIQTYR 16.60 1434.77 6.96 

FLEQQNQVLQTK 16.82 1475.79 6.61 

FASFIDKVR 17.27 1082.60 9.87 

RHPEYAVSLLLR 18.90 1453.83 9.54 

DAEAWFNEK 19.64 1109.49 3.69 

VLDELTLAR 19.79 1029.59 3.93 

EYGLFQINNK 20.68 1225.62 6.79 

WELLQQVNTSTR 22.06 1475.75 6.74 

VVSVLTIQHQDWLTGK 22.25 1824.01 7.77 

NMFETPFLAR 23.81 1225.60 6.44 

LALDIEIATYR 24.15 1277.71 3.39 

FLEQQNQVLQTKWELLQQVNTSTR 24.72 2932.52 6.61 

SLDLDSIIAEVK 27.38 1302.72 6.61 

VNLFDIPLEVQYVR 29.23 1704.94 6.61 

LALDVEIATYR 57.04 1263.70 6.61 
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Table 3. Sequences of peptides identified in camel whey protein hydrolysates in the pooled 

fractions F1* and F2* after separation on SP-Sepharose fast flow column (CEX), followed by 

separation on an Octyl Sepharose CL-4B column (HIC). Peptides were sequenced by LC-MS/MS 

after trypsin hydrolysis unless otherwise specified.  

 

a)calculated on https://pepcalc.com/ 

b) these peptides were identified in samples that were not hydrolyzed with trypsin prior to 

LC-MS/MS analysis.  

Sequence 
Retention time 

(min) 
m/z pIa) 

NKYEDEINKR 10.72 1308.66 6.61 

VTMQNLNDR 13.25 1090.54 6.61 

GFSSGSAVVSGGSR 13.43 1254.61 10.84 

YEELQVTAGR 15.32 1165.59 4.15 

ALEEANADLEVK 16.20 1301.67 3.54 

YEELQITAGR 16.79 1179.61 4.15 

WTLLQEQGTK 18.67 1203.64 6.73 

DAEAWFNEK 19.41 1109.49 3.69 

VLDELTLAR 19.59 1029.59 3.93 

GSLGGGFSSGGFSGGSFSR 20.23 1707.77 10.84 

WELLQQVNTSTR 21.84 1475.75 6.74 

LALDIEIATYR 24.00 1277.71 3.93 

SLDLDSIIAEVK 27.17 1302.72 3.54 

KKAGVLDYETFTKb) 6.35 1499.81 9.44 

KHSTKGLGK b) 14.76 955.57 10.98 
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Table 4. Starch digestibility inhibition (%) of synthesized peptides identified in camel whey 

protein hydrolysates after separation by cation exchange chromatography and hydrophobic 

interaction chromatogram or just by hydrophobic interaction chromatography. Peptides 

synthesized by Canada Peptide company, Pointe-Claire, Quebec, Canada.  

Camel Peptide 

sequences 

Uniprot 

Acc. # 
Camel Proteina) Peptide source 

(column) 
pI 

Starch 

digestibility 

inhibition% 

LALDIEIATYR S9WX05 Keratin like protein HIC and CEX+HIC 3.93 37.4 ± 1.4a 

VLDELTLAR S9XAP9 Keratin like protein HIC and CEX+HIC 3.93 33.6 ± 2.4a 

DAEAWFNEK S9WUY9 Keratin like protein HIC and CEX+HIC 3.69 5.5 ± 2.1b 

WTLLQEQGTK S9Y6J1 Keratin like protein CEX+HIC 6.73 9.5 ± 1.3b 

YEELQVTAGR S9W9S8 F rod domain-containing protein CEX+HIC 4.15 4.6 ± 1.5b 

KHSTKGLGK S9XLY6 Poly [ADP-ribose] polymerase CEX+HIC 10.98 6.7 ± 1.2b 

a) Identified with NCBI BLASTp against Camelus bactrianus (taxid:9837) proteins 
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Figure 5. 


