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ABSTRACT 1 

Purpose: To investigate acute effects of two doses of a polyphenol rich curry made with 7 different spices and 4 2 

base vegetables, eaten with white rice, on 24 hours glucose response, postprandial insulinemia, triglyceridemia and 3 

24 hours urinary total polyphenol excretion (TPE). 4 

Methods: Randomized, controlled, dose-response crossover trial in healthy, Chinese men [n=20, mean ± standard 5 

deviation (SD) age 23.7 ± 2.30 y, BMI 23.0 ± 2.31 kg/m2] who consumed test meals matched for calories, 6 

macronutrients and total vegetables content, consisting either Dose 0 Control (D0C) or Dose 1 Curry (D1C) or Dose 7 

2 Curry (D2C) meal. 24 hours glucose concentration was measured using continuous glucose monitoring (CGM), 8 

together with postprandial plasma insulin and triglyceride for up to 7 hours. Total polyphenol content (TPC) of test 9 

meals and urinary TPE were measured using the Folin-Ciocalteu assay.  10 

Results: TPC for D0C, D1C and D2C were 130 ± 18, 556 ± 19.7 and 1113 ± 211.6 mg gallic acid equivalent (GAE) 11 

per portion served respectively (p<0.0001). Compared with D0C meal, we found significant linear dose-response 12 

reductions in the 3 hours postprandial incremental AUC (iAUC) for CGM glucose of 19% and 32% during D1C and 13 

D2C meals respectively (p<0.05) and non-significant linear dose response reductions in iAUC of insulin (p=0.089). 14 

Notably, we found significant dose-dependent increases in postprandial triglyceride with increasing curry doses 15 

(p<0.01). Significant increases in TPE with increasing curry doses were also observed (p<0.01).  16 

Conclusion: Polyphenol-rich curry intake can improve postprandial glucose homeostasis. The longer term effects 17 

remain to be established.  18 

 19 

Keywords: Spices; curry; polyphenols; continuous glucose monitoring; postprandial insulinemia; postprandial 20 

triglyceridemia   21 
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INTRODUCTION 22 

The intake of polyphenol-rich foods has been associated with reduced risk of several chronic diseases including 23 

metabolic syndrome [1], type 2 diabetes [2] and cardiovascular diseases [3,4]. Several plant-based foods provide 24 

dietary sources of polyphenols, although the relative contributions of specific food and food groups to the total 25 

polyphenol intake vary greatly across different dietary patterns, cultures and geographical locations [5-8]. Herbs and 26 

spices, particularly within certain ethnic and regional dietary context, provide appreciable amounts of polyphenols 27 

within the diet [9,10]. Spices such as cinnamon, turmeric, cumin seeds, coriander seeds and Indian gooseberry 28 

(‘amla’, emblica officinalis) are all known to contain high amounts of several polyphenolic compounds and these 29 

spices or their extracts have been shown to favorably modulate markers of glycemic and lipidemic control.  30 

However, most of the evidence to date comes from in vitro and in vivo animal studies [11-14]. Majority of the human 31 

studies have focused on studying a single spice one at a time and have mainly been undertaken in diabetics or other 32 

‘at risk’ populations [15]. However, in a real life dietary context, spices are typically consumed in combination, as 33 

part of various curried dishes, rather than an individual spice being consumed in isolation. This is particularly 34 

important in the context that dietary bioactive phytochemicals are likely to exert synergistic and/or variable effects 35 

when eaten in combination, as compared with their individual effects in isolation [16,17]. In recent times there has 36 

been an increase in the popularity and consumption of a range of curried dishes worldwide. They typically contain a 37 

mixture of different spices in combination with ‘base vegetables’ (e.g., garlic, ginger, onions and tomatoes), all of 38 

which are rich in bioactive phytochemicals. The metabolic effects of these ingredients when consumed together have 39 

rarely been investigated.  40 

Asia has an unenviable reputation for having one of the highest incidence rates and prevalence of type 2 diabetes in 41 

the world. Coincidentally, South and South East Asia, particularly the Indian sub-continent also has the highest per 42 

capita consumption of curry consumption in the world. The aims of this study were to establish whether curry 43 

consumption has any beneficial or detrimental effects in relation to postprandial glycemic control and/or other 44 

endpoints related to cardiometabolic risk, using a controlled, acute dietary intervention trial. To the best of our 45 

knowledge, there has been no controlled dose-response studies which investigated the effects of a combination of 46 

mixed spices and base vegetables on these cardiometabolic endpoints. In this ‘Polyspice Study’, we have 47 

investigated the acute effects of two distinct doses of a curry recipe, made with polyphenol-rich mixed spices and 48 

base vegetables, when eaten together with a portion of white rice, on postprandial and 24 hours glucose responses 49 
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using a continuous glucose monitoring (CGM) system as well as on postprandial insulinemia and triglyceridemia. 50 

Additionally, we measured the total polyphenol content (TPC) of the two curry doses and the control meal 51 

preparations. Furthermore, we have also analyzed the total polyphenol excretion (TPE) in urine for up to 24 hours 52 

following the consumption of these three test meals.   53 
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METHODS 54 

Study population and recruitment 55 

This study was undertaken in Chinese men, 21-40 years of age and having BMI between 18.5-27.5 kg/m2. Sample 56 

size for this study was based on previous studies with mixed spices which showed significant modulations of various 57 

cardiometabolic end points including postprandial glucose, insulin and triglycerides [18,19]. This study was 58 

deliberately undertaken in a Chinese population who would not usually consume large amounts of Indian curries, 59 

thereby avoiding any potential residual effects due to habituation. Exclusion criteria were: smoking, suffering from 60 

any metabolic, cardiovascular, liver or kidney dysfunctions, having fasting blood glucose ≥ 6.0 mmol/L, resting 61 

blood pressure ≥ 140/90 mm Hg, waist circumference > 90 cm, being allergic to study foods or commonly used food 62 

ingredients, taking any prescribed medications or dietary supplements likely to interfere with study endpoints or 63 

having alcohol consumption ≥ 12 units per week. The study was approved by a Domain Specific Research Board 64 

(DSRB) ethics committee, Singapore (Reference: C/2015/00729) and was conducted in accordance with the 65 

Declaration of Helsinki and the Singapore Good Clinical Practice guidelines. The volunteers who took part in this 66 

study were recruited between October 2015 and October 2016. They were recruited via advertising within the 67 

National University of Singapore student community, by displaying posters on public notice boards and through 68 

emailing potential volunteers from our previous volunteer database. Interested volunteers were given a minimum of 69 

24 hours to read through the study participant information sheet and consider their participation before being invited 70 

to attend at the Clinical Nutrition Research Centre (CNRC) for a Screening and Consent visit, following an overnight 71 

fast. All volunteers gave their informed consent prior to their inclusion in the study. Volunteers’ suitability was 72 

determined using a Health and Lifestyle Questionnaire and through various anthropometric measurements. 73 

Participants’ height was measured using a stadiometer (Seca 217), their weight was measured using the Tanita scale 74 

(BC-418, Japan), seated resting blood pressure measured using an automated sphygmomanometer (Omron, 75 

HEM907) and their fasting glucose measured using the HemoCue® 201 (Sweden).  76 

Study design and dietary intervention 77 

The study had been registered on clinicaltrials.gov (Identifier No. NCT02599272). This was a randomized, 78 

crossover, controlled, dose-response, acute dietary intervention trial. The randomization was carried out using an 79 

online randomization generator (www.randomizer.org). Each volunteer completed up to 3 separate intervention 80 

sessions for the study, in a random order, consisting either of a non-curry, Dose 0 Control (D0C), or a Dose 1 Curry 81 

http://www.randomizer.org/
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(D1C) or a Dose 2 Curry (D2C). More details on the preparation and compositions of the test meals are described 82 

below. Two of the 3 intervention sessions (D0C and D2C) were mandatory, whereas, the third session (D1C) was 83 

optional. Each intervention session lasted for up to 5 days and a minimum of 7 days separated any two intervention 84 

sessions. The schematic overview of the dietary intervention is shown in Fig. 1. In summary, each intervention 85 

session consisted of a 3-day ‘run-in period’ (Days -2, -1 and 0) followed by the main test day (Day 1). During the 86 

run-in period, the volunteers were asked to avoid any polyphenol-rich foods and beverages from a list provided, 87 

including any spices or base vegetables used in this intervention study and were also asked to avoid any vigorous 88 

physical activity during this period. On the evening immediately prior to the main test day (i.e., Day 0 evening), the 89 

volunteers consumed the ‘standardized meal’ for dinner, as described in detail below, by 2100 hours. The purpose of 90 

the standardized meal was to reduce any potential variability in the ‘baseline’ measurements on the main test day 91 

(Day 1) between volunteers and within volunteers between each dietary intervention session. Following consumption 92 

of this standardized evening meal, the volunteers fasted (only plain water allowed) for a minimum of 10 hours until 93 

the next morning. Upon arrival at the CNRC on the morning of Day 1, the volunteers had their ‘baseline 94 

measurements’ taken immediately prior to the test meal. The ‘test meal’ (described below) was then consumed on a 95 

single occasion for breakfast within 15 minutes of the first bite. The effect of the test meal was investigated for a 96 

period of up to 24 hours following the consumption of this meal.  All other foods and snacks during this 24 hours 97 

period were standardized and provided by researchers, as detailed below.  98 

Test meals 99 

During each intervention session, one of the following test meal was administered for breakfast accompanied with a 100 

portion of white rice in a random order: 1). D0C meal consisting of 180 g low polyphenol mixed vegetables made up 101 

of tomato puree and peeled eggplant (Solanum melongena) 2). D1C meal consisting of an Indian curry dish made 102 

with 6 g of mixed spices plus 90 g curry base vegetables made up of tomato puree, onions, garlic and ginger (in the 103 

ratio 5:2:1:1), balanced for total vegetables content using 90 g of peeled eggplant, and 3). D2C meal consisted of 12 104 

g mixed spices plus 180 g curry base vegetables made up of tomato puree, onions, garlic and ginger (in the same 105 

ratio as D1C). The mixed spice preparations for D1C and D2C were identical and were prepared by thoroughly 106 

mixing dried powders of 7 different spices using a dry kitchen whisk. The 7 spices used were turmeric (Everest, 107 

India), coriander seeds (Everest, India), cumin seeds (Everest, India), dried Indian gooseberry (‘amla’, emblica 108 

officinalis, Ramdev, India), cayenne pepper (Robertson’s, South Africa), cinnamon (McCormick’s, USA) and clove 109 
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(Robertson’s, South Africa) and were mixed in the ratio of  8:4:4:4:2:1:1 respectively. The amounts of mixed spices 110 

which were used in this study for the two distinct doses of curry preparations were carefully determined to represent 111 

the typical range of household spice consumption both in India [20] and in Thailand [21]. The detailed composition 112 

of the 3 test meals, including any added ingredients such as salt, sugar, sunflower oil and water, as well as the 113 

amounts of white rice consumed with the meals are shown in Table 1. All test meals were prepared within the 114 

experimental kitchen of our research facilities in 3 batches using the same dry ingredients (rice, spices etc). The fresh 115 

ingredients which included onions, garlic, ginger and eggplant were sourced in 3 batches to coincide with 3 batches 116 

of food preparation from the local vegetable market and from the same grocery shop, ensuring the same source of 117 

supplier, as organized via the grocery shop management. The Thai Hom Mali premium quality fragrant rice (Double 118 

FP, Singapore), canned tomato puree (Leggo’s, Australia), salt (Fairprice, Singapore), sugar (Fairprice, Singapore) 119 

and sunflower oil (Fairprice, Singapore) were all sourced in one single batch and used across all 3 batches of meal 120 

preparations. Upon preparation, the test meals, including the cooked rice were snap frozen in a blast freezer and were 121 

kept frozen at -20°C and consumed within 6 months of preparation. For a given volunteer, the same batch of test 122 

meals was administered across all 3 intervention sessions.  123 

Standardized meal and snacks 124 

The ‘standardized meal’ was a made-to-order chicken lasagna (400 g) from a local frozen food company (TopChoice 125 

Food Industries (S) Pte Ltd., Singapore), which specifically excluded polyphenol-rich ingredients such as black 126 

pepper, herbs, spices, onion, garlic or ginger from the product’s original recipe. The same standardized meal was 127 

consumed for 3 occasions during each intervention session, including for dinner on the evening before the test day 128 

(Day 0 Dinner), as well as for lunch and dinner on the test day, Day 1. On the mid-afternoon of Day 1, the volunteers 129 

also consumed the standardized snacks consisting of crackers and winter melon drink (Yeo’s, Singapore), which 130 

were all low in polyphenol containing ingredients. Volunteers were asked to consume all of their standardized meals 131 

and snacks provided and were asked not to consume any other food or drink (apart from water) during the entire 24 132 

hours measurement period. The calorie contents and the macronutrient compositions of the test meal, standardized 133 

meal and the standardized snacks as well as the total intake over the 24 hours period upon consumption of the test 134 

meals, based on the nutrient information panel of the food ingredients used are shown in Table 2. It should be noted 135 

that the test meals and the standardized meals and snacks were matched for calorie content in addition to the 136 

macronutrient composition and total vegetables content.   137 
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Measurement of total polyphenol content of test meals 138 

The TPC of the prepared test meals were also analyzed using the Folin-Ciocalteu assay, as adapted from Ainsworth 139 

et al [22]. Samples (n=6 per D0C, D1C and D2C test meals) were weighed accurately (approximately 20 mg) and 140 

homogenized with a bead homogenizer in 1 mL of 95% methanol. After centrifuging at 13,000 x g at 20°C for 5 141 

minutes, the supernatant was separated while the residue was agitated in another 1 mL of 95% methanol for 48 142 

hours. Extracts were centrifuged at 13,000 x g at 20°C for 5 minutes, and the supernatant was pooled with earlier 143 

extract. Gallic acid calibrants (1–100 mg/L) and quality controls (4, 40, 80 mg/L) were prepared in 95% methanol in 144 

triplicates. 50 µL of solvent blank, sample extract, calibrants or quality controls were added with 100 µL of 10% 145 

Folin-Ciocalteu reagent and vortexed, followed by 400 µL of 700 mmol/L sodium carbonate. These mixtures were 146 

incubated in the dark for 2 hours, then 200 µL were transferred to a 96-well microtiter plate (Greiner Bio-one, 147 

Monroe, NC). Absorbance was measured at 765 nm with an Infinite M200 spectrophotometer (Tecan, Männedorf, 148 

Switzerland). TPC was expressed as mg gallic acid equivalent (GAE) per portion served. 149 

Continuous glucose monitoring  150 

Glucose responses to test meals, standardized meals and standardized snacks were measured continuously starting 151 

from an hour before and for 24 hours after the test meal consumption using a (CGM) system (iPro2, Medtronic, 152 

USA). The iPro2 is a small, light, portable, water resistant device containing two parts, a sensor and a recorder, that 153 

can measure glucose concentration in the interstitial fluid (ISF) continuously for a period of up to 7 days. In brief, the 154 

sensor was inserted lateral to the umbilicus in the abdominal subcutaneous tissue and the recorder measured glucose 155 

concentrations every 5 minutes for the entire study session. To do this, the insertion area was sterilized with a 70% 156 

isopropyl alcohol wipe and using an automated introducer needle launcher, the sensor capillary was painlessly 157 

inserted in one quick movement into the subcutaneous space. The sensor was then allowed to stabilize for at least 12 158 

hours before the commencement of any measurements. The glucose sensor which generates electric current 159 

proportional to the ISF glucose concentrations was further calibrated for at least 4 times in a given 24 hours period 160 

against capillary blood glucose concentrations using a finger prick device and a portable blood glucose meter 161 

(LifeScan Inc., USA). The finger prick capillary glucose measurements were undertaken immediately prior to each 162 

main meal (breakfast, lunch or dinner) and before sleep at night, in order to ensure that the blood glucose 163 

concentrations were fairly stable around the times of the calibration measurements. The baseline for the CGMS 164 
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measurement was taken as the readings taken for 1 hour (i.e., 12 separate readings every 5 minutes) immediately 165 

prior to the consumption of the test meals (D0C, D1C or D2C).  166 

Blood sampling collection and analyses 167 

Blood samples were collected using an intravenous cannula placed in the arm, by a qualified research nurse. The 168 

intravenous cannula was inserted just prior to the breakfast test meal on Day 1 and was removed approximately 7 169 

hours after the completion of the test meal. Blood samples were obtained at baseline (within 5 minutes immediately 170 

prior to the consumption of the test meal: 0h) and at regular intervals for up to 7 hours following the test meal 171 

consumption (0.5h, 1.0h, 1.5h, 2h, 2.5h, 3h, 3.5h, 4h, 4.5h, 5h, 6h, 7h). Blood samples were collected in 6 ml K2 172 

EDTA vacutainer tubes (BD, USA) and were centrifuged within 45 minutes of collection at 1500 x g for 10 minutes 173 

at 4°C. Plasma samples were then aliquoted into individual cryotubes and were immediately stored at -80°C until 174 

analyses. Plasma samples were analyzed for insulin concentration using a Cobas E411 electrochemiluminescence 175 

immunoassay analyzer and for TG concentration using Cobas C311 spectrophotometric analyzer according to 176 

manufacturer’s protocol and reagents (Roche Diagnostics).  177 

Urine samples collection and analyses 178 

The first urine collection as part of the study was for an entire 24 hours period on Day 0 before the main test day. 179 

The next sample, referred to as the ‘Day 1 Spot urine’ sample, was collected after an overnight fast on the morning 180 

of the main test day (Day 1), immediately prior to the consumption of the test meal breakfast. All urine voided after 181 

the test meal breakfast were collected as three, separate compartmentalized urine samples over a 24 hours period 182 

representing 3 nutritionally distinct collection periods: 1). All urine voided for up to 3 hours following consumption 183 

of the test meal breakfast referred to as the ‘Day 1 Post Breakfast urine’ (Day 1 PB), 2). All urine voided for up to 4 184 

hours following consumption of the standardized lunch referred to as the ‘Day 1 Post Lunch urine’ (Day 1 PL), 3). 185 

All urine passed for 17 hours during rest of the day and night referred to as the ‘Day 1 Rest of Day urine’ (Day 1 186 

RoD). The Day 1 Spot urine sample was collected in 50 ml plastic urine container, whereas, the remaining urine 187 

samples were collected in the 3 L plastic urine containers (Simport, Canada), without preservative, and were kept 188 

cool using a cooler bag and frozen gel packs. The urine containers were weighed using an electronic balance before 189 

and after each urine collection to accurately determine urine volume. At the end of each collection period, urine 190 

samples were aliquoted and stored at -80°C until further analysis. The urine samples were analyzed for creatinine 191 

using Cobas C311 spectrophotometric analyzer according to manufacturer’s protocol (Roche Diagnostics). 192 
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Urinary TPE was examined using solid phase extraction (SPE) coupled to Folin-Ciocalteu assay, as adapted from 193 

Medina-Remón et al [23]. Urine samples previously stored at -80°C were thawed on ice for 4 hours, and centrifuged 194 

at 14,000 x g at 4°C for 10 minutes, while gallic acid calibrants (20–350 mg/L) and quality controls (80, 150, 250 195 

mg/L) were prepared in synthetic urine in triplicates. 1 mL of urine supernatant, synthetic urine blank, calibrants or 196 

quality control were added to 1 mL of 1.15% hydrochloric acid for acidification. Each well on SPE plates was 197 

conditioned with 1 mL of 98% methanol and 1 mL of 50 mmol/L sodium acetate, pH 7 and then loaded with 1.8 mL 198 

of acidified samples. The wells were washed with 1 mL of 50 mmol/L sodium acetate in 5% methanol, pH 7 and 199 

eluted with 1.8 mL of 2% formic acid in methanol. For Folin-Ciocalteu assay, 170 µL of ultrapure water was added 200 

to a 96-well microtiter plate, followed by 15 µL of SPE eluent, 12 µL of Folin-Ciocalteu reagent, and 30 µL of 200 201 

g/L sodium carbonate. The plate was incubated at 24 ± 1 °C for 1 hour in the dark, then topped up with 73 µL of 202 

purified water to a total volume of 300 µL. Absorbance was measured at 765 nm and urinary TPE was expressed as 203 

mg GAE per mmol creatinine. 204 

Statistical analyses 205 

Statistical analyses were performed using SPSS, version 23 (IBM Inc, USA). All data were presented as mean ± 206 

SDs, unless stated otherwise. A one-way analysis of variance (ANOVA) with Bonferroni’s correction was used to 207 

compare TPC of the 3 separate test meals (D0C, D1C and D2C). A non-parametric Friedman test with Dunn’s 208 

correction was used to compare any difference between TPE between 3 test meals. Repeated measures ANOVA 209 

were used to test for linear trends in the incremental AUC (iAUC) from baseline for CGM glucose, postprandial 210 

insulin and triglyceride (TG) concentrations across the increasing curry doses (D0C, D1C and D2C). The iAUC were 211 

calculated using the trapezoid rule, ignoring any areas below the baseline.   212 
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RESULTS 213 

The flow diagram of study recruitment, retention and completion at various stages of the study is shown in Fig. 2. In 214 

total, 20 volunteers completed the 2 mandatory sessions (D0C and D2C) and of these, 17 completed all 3 sessions 215 

(D0C, D1C and D2C). The study foods were acceptable and no adverse reactions to the study foods were reported. 216 

The baseline characteristics at screening visit for all volunteers who had completed at least 2 mandatory sessions in 217 

the study is shown in Table 3. 218 

Total polyphenol content of test meals  219 

Mean ± SD of TPC per portion of test meals (without rice) was 130 ± 18.7 mg GAE, 556 ± 19.7 mg GAE and 1113 220 

± 211.6 mg GAE for D0C, D1C and D2C respectively. ANOVA test revealed overall significant differences 221 

(p<0.0001). Post-hoc tests with Bonferroni’s correction revealed significant differences between D0C and D1C, 222 

between D0C and D2C, and between D1C and D2C (all p<0.0001). 223 

Glucose response using continuous glucose monitoring  224 

For the CGM measurements across all study sessions, there were equipment failures on 2 measurement sessions in 2 225 

separate volunteers, possibly due to the displacement of the CGM filaments during the measurements. Therefore, 226 

using repeated measures ANOVA in those completing all 3 study sessions, the mean data presented here are from 15 227 

volunteers with a complete dataset. There were no significant differences in the mean ISF glucose concentrations at 228 

baseline (for 1 hour prior to test meal consumptions) between D0C, D1C or D2C (data not shown). The mean 229 

incremental ISF glucose concentrations from baseline over the 24 hours period following the test meal consumptions 230 

during D0C, D1C and D2C sessions are shown in Fig. 3. Using repeated measures ANOVA, there was significant 231 

linear dose-response reduction in the mean iAUC glucose concentrations during the 3 hours PB postprandial period 232 

with increasing curry doses  across D0C, D1C and D2C (p<0.05). Compared with the mean iAUCPB glucose during 233 

D0C, immediately following the test meal consumption, there were approximately 19% and 32% reductions in mean 234 

iAUCPB glucose during D1C and D2C sessions respectively. There were also reductions in the mean iAUCs during 235 

D1C and D2C sessions, as compared with D0C session, during the PL, RoD periods as well as during the entire 24 236 

hours period, although, none of these differences reached statistical significance and there were no obvious dose-237 

response associations during these periods. The mean iAUC of glucose concentrations during the distinct 238 

measurement periods for D0C, D1C and D2C sessions, as well as the percentage reductions in the mean iAUC for 239 

D1C and D2C sessions as compared to the D0C session are presented in Table 4. There was also a linear dose-240 
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response trend (p=0.068) towards decreases in peak glucose increment (PGI) from baseline with increasing doses of 241 

curry across D0C, D1C and D2C sessions during the 3 hours PB period. The mean PGI for the PB period were 2.36 242 

(± 0.81), 2.03 (± 0.98) and 1.75 (± 1.22) mmol/L for D0C, D1C and D2C respectively.  243 

Postprandial insulin response in plasma 244 

The mean incremental plasma insulin concentrations for up to 7 hours following the consumption of the test meal 245 

breakfast and the standardized lunch in 17 volunteers completing all 3 study sessions is shown in Fig. 4a. The mean 246 

iAUC of plasma insulin concentrations during the PB and PL periods for D0C, D1C and D2C sessions as well as the 247 

percentage reductions in mean iAUC during D1C and D2C sessions as compared with the D0C session are presented 248 

in Table 4. Using repeated measures ANOVA, during the PB period, there was a linear dose-response trend towards 249 

decreases in plasma insulin iAUC with increasing doses of curry consumption across D0C, D1C and D2C sessions, 250 

although this trend fell short of statistical significance (p=0.089). However, there were no such trends during the PL 251 

period across the 3 study sessions.  252 

Postprandial triglyceride response in plasma 253 

The mean incremental plasma TG concentrations for up to 7 hours following the consumption of the test meal 254 

breakfast and the standardized lunch in 17 volunteers completing all 3 study sessions is shown in Fig. 4b. The mean 255 

iAUC of plasma TG concentrations during the PB and PL periods for D0C, D1C and D2C sessions, as well as the 256 

percentage increases in mean iAUC during D1C and D2C sessions as compared with D0C session, are presented in 257 

Table 4. Using repeated measures ANOVA, there were significant linear dose-response increases in the mean iAUC 258 

of TG concentrations across D0C, D1C and D2C during both the PB period (p<0.01) and the PL period (p<0.05). 259 

Total polyphenol excretion in urine 260 

Comparing across D0C, D1C and D2C intervention sessions, median urinary TPE of compartmentalized total urine 261 

collections during PB and PL periods combined increased with increasing doses of curry consumption, as shown in 262 

Fig. 5a. A non-parametric Friedman test revealed overall significant difference (χ2(2)=19.18, p<0.0001), with 263 

posthoc tests with Dunn’s correction showing significant differences between D0C and D1C (p=0.0107), and 264 

between D0C and D2C (p<0.0001). To enable us to assess the kinetics of urinary TPE, the median TPE during D2C 265 

session showed an increasing trend from 2.52 mg GAE/mmolCr in Day 1 Spot urine to a maximum of 5.35 mg 266 

GAE/mmolCr in Day 1 PL urine samples, followed by a decline back towards baseline to 3.48 mg GAE/mmolCr 267 

during Day1 RoD urine (Fig. 5b).   268 
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DISCUSSION 269 

This study is a first of its kind to investigate acute dose-response effects of consuming polyphenol-rich mixed spices 270 

and base vegetables typically consumed in Indian curried dishes on 24 hours glycemic response using a CGM 271 

device. It is now being widely accepted that the use of CGM device to assess glucose control is likely to be more 272 

sensitive than measuring blood glucose, due to the higher resolution in CGM as a result of increased sample 273 

frequencies [24]. Moreover, while there have been some recent studies which investigated the effects of mixed spices 274 

on cardiometabolic endpoints [18,19,25,26], in all these studies, the ‘control’ comparison were either not matched 275 

for macronutrient composition, or did not contain other phytochemical-rich ingredients, such as the low polyphenol 276 

vegetables we used in this study. This enabled us to control for other nutritional components, such as dietary fiber, 277 

thereby reducing the likelihood of confounding.  278 

The test meals used in our study had a dose-dependent increase in their TPC, with D1C and D2C having 279 

approximately 4 times and 8 times the measured TPC respectively as compared with that of the D0C. Despite there 280 

being up to 8 fold difference in polyphenol content between D0C and D2C, the differences in the median TPE over a 281 

24 hours period did not exceed 2 folds between D0C and D2C. This was expected since the absorption, distribution, 282 

metabolism and excretion of dietary polyphenols vary greatly between individuals, which is likely driven by 283 

variations in host genetics (e.g., single nucleotide polymorphisms) and in the composition of the gut microflora and 284 

their metabolism, as have been reviewed elsewhere [27-30]. The individual polyphenolic compounds within the test 285 

meals are also likely to have different nutrikinetic profiles [8,31]. For example, the half-life of curcumin from 286 

turmeric is around 7 hours [32], whereas that of quercetin from onions is around 11 hours [33]. The 287 

compartmentalized urine collection method also enabled us to determine the kinetics of TPE resulting from the 2 288 

doses of curry consumption. Even though the standardized lunch was specifically prepared to contain low amount of 289 

polyphenolic ingredients, there was increasing TPE from baseline through to PB and to PL periods, indicating that 290 

the systemic exposure of polyphenols from a single bout of Indian curry can last for at least up to 7 hours. Based on 291 

the existing databases and literature, there is likely to be a plethora of phenolic compounds present in the various 292 

spices and base vegetables which were used in the curry meal preparations [10,34]. These include the curcuminoids 293 

(e.g., curcumins), hydroxy phenylpropenes (e.g., eugenols), hydroxycoumarin, phenolic acids (e.g., cinnamic acids), 294 

flavonols (e.g., quercentin and kaempferol) and various proanthocyanidins. Therefore, our study was ideally 295 
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designed to test for the synergistic effects of various polyphenols as well as other bioactive components (such as 296 

organosulfur compounds in garlic) from commonly consumed Indian curry ingredients in combination.  297 

The significant linear dose-dependent reductions in the ISF glucose concentrations with increasing doses of curry 298 

intake during the immediate 3 hours postprandial period following consumptions, together with the linear dose-299 

dependent trend in the reductions in peak glucose increments were both likely to be metabolically beneficial and 300 

clinically relevant. Elevated postprandial glycemia and  increased glycemic variability have both been associated 301 

with increased risk of cardiovascular diseases [35,36]. This association is relevant even in the non-diabetic, 302 

normoglycemic individuals [37,38] and there seems to be a continuum in this association, with no apparent threshold 303 

[39]. The reductions in peak glucose increment by 0.61 mmol/l at the post-breakfast period during D2C as compared 304 

with D0C is likely to be clinically significant, since targeting this parameter specifically in a previous pharmaceutical 305 

intervention (albeit with somewhat larger effect size) has shown improvements in markers of vascular endothelial 306 

function as well in inflammatory markers [40].  Furthermore, compared with the D0C session, consumption of both 307 

D1C and D2C led to non-significant, but consistent reductions in ISF glucose concentrations (by > 20%) in the 308 

postprandial period following the low polyphenol standardized lunch, indicating that the effects of polyphenol-rich 309 

curry consumption are likely to last beyond the first meal.  There was also large inter-individual variation in the 310 

glucose in response to the acute intake of the two curry doses, which further supports existing literature that the 311 

effects of dietary plant bioactive compounds on cardiometabolic risk markers may be dependent on individual 312 

genotype and/or phenotype, including the composition of the gut microflora, age, gender, BMI etc as have been 313 

reviewed elsewhere [30,41,42]. In support of our findings, the large inter-individual variability in glucose response 314 

were found in other studies including one that investigated the effects of 2 distinct doses of a mixed polyphenol and 315 

dietary fiber containing diet [43] as well as a separate dose-response study investigating cinnamon [44]. More 316 

importantly, the iAUC of insulin concentration in the immediate 3 hours postprandial period following the 317 

consumptions of D2C test meal breakfasts was also lower by about 15% as compared with D0C, which taken 318 

together indicates that polyphenol-rich curry intake may improve insulin sensitivity. However, this remains to be 319 

verified with direct measures of insulin sensitivity using techniques such as the hyperinsulinemic euglycemic clamp. 320 

A similar finding was also observed in another study which showed a 21% reduction in postprandial insulin AUC 321 

after consumption of a 14 g spice blend consisting of 5 of the ingredients we used in our recipe [18]. More 322 

specifically, cinnamon has also been shown to improve insulin sensitivity in a previous study [45]. Insulin resistance 323 
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(inverse of insulin sensitivity) per se, even in non-diabetic individuals have been associated with increased 324 

cardiometabolic disease risk, including increases in diastolic blood pressure, TG as well as decrease in HDL 325 

cholesterol [46] and therefore the potential improvement in insulin sensitivity as observed in our study resulting from 326 

mixed spice consumption is likely to be clinically significant.  327 

Several different mechanisms are likely to be involved in the improvements in postprandial glucose and insulin 328 

responses as a result of the increasing doses of curry intake. Effects of dietary polyphenols on glucose homeostasis 329 

have been extensively studied thus far, with the focus mainly on foods such as tea, cocoa, berries, red wine, soy or 330 

polyphenolic components arising from them [47]. Recent reviews  provide details on some mechanistic explanations 331 

of the effects of polyphenols in general [48,49], which include inhibition of salivary, pancreatic and intestinal 332 

enzymes involved in the digestion of carbohydrates (such as α-amylase and α-glucosidase), through the inhibition of 333 

intestinal glucose absorption via the inhibition of sodium-dependent glucose transporter 1(SGLT1) and glucose 334 

transporter 2 (GLUT2), through increases in insulin-mediated glucose uptake in muscle cells and adipocytes via the 335 

translocation of GLUT 4 to cell surface, through cAMP/protein kinase A (AMPK) activation, through the 336 

suppression of hepatic gluconeogenesis and glycogenolysis and the induction of  glycogenesis.  337 

Studies using individual ingredients used to make the curry in this study have also been independently shown to 338 

favorably modulate glucose homeostasis. To date, cinnamon has been the most widely studied individual spice to 339 

investigate glucose homeostasis in humans [11,50], including reductions in postprandial glycemic and insulin 340 

responses, as well as delayed gastric emptying rates [44,50-52]. Another of our curry ingredient which has been 341 

widely studied is turmeric and/or curcumin extracted from turmeric. A prospective study worthy of note was 342 

undertaken in a pre-diabetic population over a 9 months follow-up period, which found no incidence in type 2 343 

diabetes in those assigned to the curcumin group (250 mg/day) as compared to 16.4% incidence in the control group 344 

[53]. On the contrary, some of the other spices used in this study have been less well studied in healthy humans for 345 

their effects on glycemic control as reviewed elsewhere [15,54]. In particular, both chili and Indian gooseberry 346 

(‘amla’) consumptions were associated independently with reductions in postprandial glucose and/or insulin 347 

responses [55,56]. Of the base vegetables used in our curry mix, garlic [57], ginger [58] and onions [59] have all 348 

been shown to exert favorable effects on markers of glucose homeostasis. 349 

The significant dose-dependent increases in postprandial plasma triglyceride concentrations with D1C and D2C as 350 

compared with D0C were unexpected. In two independent studies, consumption of approximately 14 g spice blend in 351 
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non-diabetic volunteers led to a decrease in postprandial TG by approximately 30% [18,60], whereas another study 352 

showed no changes in postprandial TG after the intake of curry spices [26]. The contrasting findings between our 353 

study and other studies warrant further investigation, although based on the totality of the evidence, it seems unlikely 354 

that the spices and base vegetables used in our study per se would have contributed to the increase in postprandial 355 

triglycerides. On the contrary, it is quite likely that the dose-dependent decrease in the amounts of eggplant used 356 

across D0C, D1C and D2C respectively might have contributed to this effect and that the eggplant intake per se may 357 

explain this, unexpected dose-response effect seen in our study. In fact, an earlier study in rats did show the lipid 358 

lowering ability of eggplants due to reduced lipid absorption [61], although more recent studies produced equivocal 359 

findings [62,63]. Nonetheless, it should be noted that eggplant (along with okra) formed key components of the 360 

‘dietary portfolio of cholesterol-lowering foods’, as  shown by Jenkins et al to reduce LDL-cholesterol 361 

concentrations to a similar extent as statins [64]. 362 

In summary, the fortuitous high consumption of spices in Asia presents an opportunity to exploit these ingredients as 363 

food based interventions to prevent and manage cardiometabolic diseases. The results of our acute intervention 364 

demonstrate that a mixture of spices, when eaten in combination, can indeed provide bioavailable sources of dietary 365 

polyphenols, which in turn can improve glucose homeostasis. The exact mechanisms through which these effects are 366 

exerted and whether these effects can be sustained following long-term consumption warrant further investigation. 367 
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Table 1 List of ingredients and amounts used in the test meals (including rice) 

Ingredient Dose 0 Control (g) Dose 1 Curry (g) Dose 2 Curry (g) 

Thai Hom Mali rice (dry weight) 108 104 

90 

95 

Eggplant, peeled (fresh) 130 0 

Tomato (puree) 50 50 100 

Onion (fresh) 0 20 40 

Ginger (fresh) 0 10 20 

Garlic (fresh) 0 10 20 

Turmeric (powder) 0 2 4 

Coriander seeds (powder) 0 1 2 

Cumin seeds (powder) 0 1 2 

Indian gooseberry ‘amla’ (powder) 0 1 2 

Cayenne pepper (powder) 0 0.5 1 

Cinnamon (powder) 0 0.25 0.5 

Clove (powder) 0 0.25 0.5 

Added Salt  2 2 2 

Added Sugar (sucrose) 5 5 10 

Sunflower oil   20 20 20 

Water 0 50 100 
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Table 2 Calorie content and macronutrient composition of food intake on test day (Day 1)  

 Test Meal 
Standardised Meals 

(2 portions) 

Standardised 

Snacks 
Total 

Dose 0 Curry     

Calories (kcal) 602 1184 480 2266 

Carbohydrate (g) 99 72 81 252 

Protein (g) 10 89 7 105 

Fat (g) 19 60 22 101 

Fibre (g) 7 23 <1 30 

Dose 1 Curry     

Calories (kcal) 606 1184 475 2265 

Carbohydrate (g) 99 72 87 259 

Protein (g) 10 89 7 105 

Fat (g) 19 60 19 98 

Fibre (g) 6 23 1 30 

Dose 2 Curry     

Calories (kcal) 607 1184 475 2266 

Carbohydrate (g) 100 72 87 259 

Protein (g) 10 89 7 106 

Fat (g) 19 60 19 98 

Fibre (g) 6 23 1 30 
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Table 3 Baseline characteristics of participants (n= 20 male) completing the study  

 Mean ± SD 

Age, y  23.7 ± 2.30 

Height, cm 172.9 ± 6.82 

Body weight, kg 68.9 ± 8.31 

BMI, kg/m2 23.0 ± 2.31 

Percent body fat, % 17.7 ± 5.54 

Waist circumference, cm 78.3 ± 5.10 

Systolic blood pressure, mm Hg 119.1 ± 6.43 

Diastolic blood pressure, mm Hg 73.9 ± 8.10 

Fasted blood glucose, mmol/L 4.8 ± 0.37 
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Table 4 Incremental AUC (iAUC) of interstitial fluid glucose concentrations measured using continuous glucose 

monitoring (CGM), plasma insulin and triglyceride concentrations following consumption of three test meal 

breakfasts over nutritionally relevant measurement periodsa. Percentage differences compared with Dose 0 Control 

(∆D0C) are also shown  

Metabolite iAUC Dose 0 Control 

(D0C) 

Dose 1 Curry 

(D1C) 

Dose 2 Curry 

(D2C) 

Glucoseb  

(CGM)  

PB,  mmol/L.min 249 ± 102.6 203 ± 105.7 170 ± 106.8* 

∆D0C - -18.6% -31.8% 

PL, mmol/L.min 121 ± 76.8 89 ± 75.6 96 ± 59.6 

∆D0C - -26.7% -21.2% 

RoD, mmol/L.min 523 ± 248.9 366 ± 268.4 468 ± 314.4 

∆D0C - -30.0% -10.4% 

24H, mmol/L.min 1264 ± 545.6 949 ± 587.5 999 ± 524.8 

∆D0C - -24.9% -20.9% 

Insulinc 

(Plasma) 

PB,  mmol/L.min 9422 ± 3783.8 8894 ± 4341.6 8055 ± 3802.9†  

∆D0C - -5.6% -14.5% 

PL, mmol/L.min 6398 ± 2935.5 6154 ± 4101.9 6289 ± 2475.5 

∆D0C -  -3.8% -1.7% 

TGc 

(Plasma) 

PB,  mmol/L.min 25 ± 21.8 35 ± 24.4 45 ± 22.3* 

∆D0C -  +41.4% +78.7% 

PL, mmol/L.min 77 ± 49.7 92 ± 44.7 114 ± 66.8* 

∆D0C - +18.5% +47.4% 

aValues are mean ± SD. *p< 0.05, †p= 0.089 testing for linear trends across D0C, D1C and D2C using repeated 

measures ANOVA. PB, Post Breakfast; PL, Post Lunch; RoD, Rest of Day; TG, Triglyceride; bn = 15, cn = 17  
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Fig. 1 Schematic overview of study protocol. Volunteers completed a maximum of 3 intervention sessions in random 

sequence of Dose 0 Control (D0C), Dose 1 Curry (D1C) and Dose 2 Curry (D2C). D0C and D2C were mandatory 

and D1C was optional. B, Baseline (pre-test meal); PB, Post Breakfast; PL, Post Lunch; RoD, Rest of Day; CGMS, 

continuous glucose monitoring system; FD, food diary; PAR, physical activity record; SM, standardized meal; SS, 

standardized snacks; TM, test meal; X, end of session; +, start of session 
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Fig. 2 Flow diagram of participant recruitment during the study. *, optional session  
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Fig. 3 Mean incremental glucose concentration (interstitial fluid, n=15) from baseline following test meal breakfast 

consumption for 24 h. D0C, Dose 0 Control; D1C, Dose 1 Curry; D2C, Dose 2 Curry; PB, Post Breakfast; PL, Post 

Lunch; RoD, Rest of Day; @CNRC, at Clinical Nutrition Research Centre  
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Fig. 4 Mean ± SEM incremental plasma insulin (a) and triglyceride (b) concentrations from baseline (n=17) 

following consumption of test meal breakfast and standardized lunch for up to 7 h. D0C, Dose 0 Control; D1C, Dose 

1 Curry; D2C, Dose 2 Curry. PB, Post Breakfast; PL, Post Lunch  
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Fig. 5 Median urinary total polyphenol excretion (TPE) during Post Breakfast and Post Lunch collection periods 

combined across Dose 0 Control (D0C), Dose 1 Curry (D1C) and Dose 2 Curry (D2C) sessions (a). A non-

parametric Friedman test revealed overall significant difference (χ2(2)=19.18, p<0.0001). Post-hoc tests with Dunn’s 

correction showed significant differences between D0C and D1C (p=0.0107), and between D0C and D2C 

(p<0.0001). Change in urinary TPE over time during D2C session (b). Urinary TPE was expressed in mg gallic acid 

equivalent per mmol creatinine (mgGAE/mmol Cr). PB, Post Breakfast; PL, Post Lunch; RoD, Rest of the day 
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