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ABSTRACT

Background: Diabetes is a leading cause of mortality worldwide, with a prevalence of ~11% in
Canada, linked to poor diets and an increasingly sedentary lifestyle. Therefore, designing novel
ready-to-eat foods that could manage blood glucose (BG) concentrations is of interest. Wild rice
(WR), a traditional staple food for many Indigenous people in North America, contains higher
levels of antioxidants, fibre, and protein, and lower fat and calorie content compared to white or
brown rice, which may contribute to its satiety and potential for regulating BG. However, no study

has investigated the effects of WR cakes on post-prandial BG and satiety responses in humans.

Design: In a crossover trial, 18 healthy adults (9 males, 9 females) consumed test products. BG
was measured at 0-120 min post-consumption. A dosing error in the white bread control led to a
non-randomized fourth period with corrected carbohydrate matching (30 g). Test products
included: 32 g white bread (15 g carb), 40 g BR cakes (100% BR), 40 g WR blend (25% WR,
75% BR), and 66 g white bread (30 g carb). All were consumed with 250 ml of water. Appetite

and palatability were rated via visual analog scales.

Results: Effects of time, treatment, and time-by-treatment interactions on blood glucose over 120
minutes (p < 0.05) were observed for both the analysis with the white bread at 32 g and 66g. No
differences in BG response were observed between the rice cakes (p >0.05). White bread
consumption (32 g) resulted in lower BG at 30, 45, 60, and 90 minutes, as well as a lower blood
glucose IAUC and appetite compared to the rice cakes (p < 0.05). White bread consumption (66g)
resulted in lower BG at 30 minutes only, and there were no differences in glucose iAUC, appetite

or palatability between the treatments (p > 0.05). The blood glucose iAUC after bread was very
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linear in terms of carbohydrate content with the 32 g serving having approximately half the iIAUC

of'the 66 g serving.

Conclusion: Inclusion of 25% wild rice into a brown rice cake did not meaningfully impact blood

glucose response.
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CHAPTER 1: INTRODUCTION

Diabetes mellitus is a metabolic chronic condition. Worldwide prevalence of diabetes, according
to the International Diabetes Federation, is approximately 451 million people aged 18 to 99 years.
This review was carried out in 2017 and it projected that by 2045 this number would rise to 693
million [1]. Diabetes (type 1 and type 2) is increasing in Canada. In 2017-2018, this metabolic
condition affected approximately 3.4 million Canadians (8.1%) compared to 1.3 million Canadians
(4.7%) in 2000-2001, with a 3.3% yearly mean increase in prevalence over that time [2]. Diabetes
is a condition when blood glucose concentrations are consistently high (hyperglycemia), which
results from defects in the secretion and/or the action of insulin, which affects macronutrient
metabolism such as fats, protein, and carbohydrates [1]. Type 1 diabetes is an autoimmune
disorder. It occurs when there is insufficient production of the hormone insulin which is needed
for blood glucose regulation, due to the pancreatic beta cells being destroyed [4]. Approximately
5-10% of people living with diabetes have type 1 diabetes [3]. Type 2 diabetes is elevated blood
glucose concentration due to insulin resistance. Insulin resistance is the body's resistance to the
action of insulin, causing impaired blood glucose control [4], which may be influenced by lifestyle

factors [5]. Approximately 90 -95% of people with diabetes live with type 2 diabetes [6].

The increasing prevalence of type 2 diabetes and its complications in Canada could potentially be
linked to the increased consumption of ultra-processed foods and ready-to-eat foods, [7] and an
increasingly sedentary lifestyle. Having elevated blood glucose concentrations due to diabetes can
lead to various health complications, which include retinopathy, neuropathy, and nephropathy [8].

Complications of diabetes can lead to premature death. Therefore, people living with diabetes and
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their caregivers often pay more attention to how food can influence glycemic control [9-11]. As
people become more concerned with the health impact of the food they consume; more attention
is paid to designing novel food products that have defined health benefits [12]. Research on rat
and mouse models suggests that wild rice, a cereal grain, offers numerous potential health benefits.
Evidence indicates that incorporating wild rice into the diet of animal models may result in
decreased insulin resistance, atherosclerosis, and lipotoxicity, as well as reduced inflammation,
allergies, and blood pressure [13-15]. These findings suggest wild rice may be a health-promoting
food. When compared to white rice, wild rice's nutrient composition is superior, in terms of higher
quality of protein, greater antioxidants, and fiber, as well as increased vitamin contents (riboflavin
and thiamine). Consuming wild rice shows promise in reducing fasting blood glucose
concentrations in rats and mouse models [14, 16]. Although a study by Moghadasian et. al [17]
reported a 60% increase in fasting blood glucose concentrations after administering wild rice

powder to rats.

The glycemic index (GI) of Asian wild rice (Zizania latifolia) has been estimated at 53.72, which
is considered a low-GI food [18]. It has been recommended that the consumption of foods with
low GI could help to improve blood glucose variability by lowering postprandial glycemia [11].
The postprandial glycemic response is used to describe blood glucose concentrations measured
after an individual has consumed a meal [19]. Some of the interest in the potential of wild rice to
reduce postprandial blood glucose is due to its high dietary fiber content (3.3 % and 0.8% insoluble
fiber and soluble fiber by weight respectively) [20]. Soluble fiber in particular has been shown to
help prevent rapid spikes in blood glucose after the consumption of a meal [21]. It is known for its

viscosity and gelling properties, associated with its capability to dissolve in water, which helps to
2



slow down digestion and food absorption. This can lead to stable blood glucose because glucose
release into the bloodstream is slower [21]. Additionally, dietary fiber has been linked to feeling
full and satisfied, which may result in consuming less food during a meal and potentially lead to a
lower glycemic response because the total amount of carbohydrates consumed is reduced [22, 23].
Therefore, there is a potential for wild rice to enhance satiety. Satiety is the sensation of being full
after eating which stops you from eating more [24]. Satiety can help control appetite by sending
signals to the brain after eating enough food. Very little research has been done on how wild rice
or wild rice food products affects blood glucose concentrations or satiety in people. To our
knowledge there are no studies that have explored how the incorporation of wild rice into rice
cakes impact postprandial blood glucose concentration, appetite and the palatability of rice cakes.
This study aims to fill these existing research gaps by examining how wild rice cakes affect

postprandial blood glucose, palatability, and appetite in a randomized controlled trial.



CHAPTER 2: LITERATURE REVIEW

2.0 INTRODUCTION

This literature review provides an in-depth review of wild rice and brown rice, focusing on their
nutritional composition and their effects on postprandial blood glucose response, fasting blood
glucose, and satiety. By exploring existing research, the review aims to understand their responses
associated with the consumption of these types of rice and their potential implications for

managing blood glucose and promoting satiety.

2.1 Blood glucose, postprandial blood glucose, glycemic response, glycemic index, and
glycemic load

Blood glucose is defined as the glucose concentration present in the bloodstream [25].
Carbohydrates play the most significant role in blood glucose concentrations, as they are broken
down into glucose after ingestion. While other macronutrients such as protein and fats also
influence blood glucose concentrations indirectly, the ingestion of food high in protein is
associated with increased satiety, potentially reducing calorie intake [26]. Also, dietary fats can
slow down gastric emptying and delay the absorption of glucose after food ingestion, which can
help manage postprandial blood glucose concentrations [27, 28]. Blood glucose is regulated by
various mechanisms and hormones, the key ones being insulin, which promotes glucose uptake
by cells, and glucagon which prompts glucose release into the bloodstream when glucose
concentrations are low [29, 30]. Postprandial glycemic response is defined as blood glucose
measured after meal consumption, this shows a change in blood concentration, after consuming
food. This change may be affected by the type of carbohydrates, food format, the amount of food

consumed, and the nutrients contained [31].



Glycemic index (GI) is a scale that estimates the effects of food or beverages that contain
carbohydrates on blood glucose after consumption [32]. GI is calculated by measuring the
incremental area under the curve (1IAUC) for glucose which can be calculated from the blood
glucose sampled at baseline (0 min) and various time points (e.g. 15, 30, 45, 60, 90, and 120
minutes) over the period following the test food consumption [47]. GI is determined by measuring
the iIAUC of about 10 human participants who have fasted for a period of 12 hours. The participants
consume a test food containing 50 g of available carbohydrates. The blood glucose of the
participants is taken and monitored over 2 hours at regular intervals. From this, the 1AUC is
calculated. A reference food typically glucose or white bread, which also contains the same amount
of available carbohydrates is used in a repeated process. The GI is then calculated using the
formula: “GI = iAUC of test food divided by iAUC for reference food multiplied by 100”. The GI
of the food is then ranked and compared on how they affect blood glucose concentrations [33].
Research has observed that consuming foods with a high GI cause faster larger spikes in blood
glucose concentrations, compared to a slower and lower increases associated with lower GI foods
[34]. It is thought that consuming food with a lower GI can lead to a reduction of approximately
30% in both glucose and insulin concentrations compared to a high GI food [35]. Low GI foods
have a GI value lower than 55, while foods with a medium GI fall within the range of 56-69, and
foods classified as high GI have a value of 70 or more [36]. Glycemic load (GL) considers both
carbohydrates quantity and quality in a food. (GL = GI x dietary carbohydrate content/100g), it
effectively reflects how the food affects blood glucose concentrations [37]. It has a scale that

resembles that of GI, < 10 =low GL, > 20 = high GL. [38] Foods that have low GI and GL have



been recommended to reduce the risk of diseases such as diabetes, obesity, and cardiovascular

diseases [39, 40].

2.2 How to measure postprandial blood glucose

Blood glucose concentrations are influenced by different factors, such as the amount of food
consumed, the consumption time, the composition of the meal (type and amount of carbohydrates
consumed), and other parameters [41]. It is recommended to test blood samples in the morning
because they have been found to exhibit greater stability compared to samples collected in the
evening [41]. There are various ways to measure postprandial blood glucose response in humans,
which include finger stick blood collection and a glucometer or continuous glucose monitoring
(CGM) which use subcutaneous calibrated sensors [42]. CGM is a device that is used to measure
real time glucose concentrations using a electrochemical sensor electrode inserted under the skin,
it is connected to a transmitter which sends glucose information to a detector like a smartphone or
any compatible device, which can be used to monitor blood glucose continuously [43]. However,
the use of a glucometer to measure blood glucose is the most common method [44]. Glucometers
measure glucose using the glucose oxidase methodology, where glucose oxidase, an enzyme
catalyst, causes the gradual hydrolysis of glucose, resulting in gluconic acid and hydrogen
peroxide. An electrochemical detection system measures the generated electric current, correlating
it with glucose concentration and the glucometer displays a digital glucose reading based on this
measurement [45]. Blood samples are most often collected using the “finger stick” method where
an individual's fingers are punctured with a lancet, and blood is collected on the meter test strip.
The meter detects the reaction between the test strip and blood and displays glucose concentrations

in mg/dL or mmol/L units [46]. The use of a glucometer has advantages such as cost-effectiveness,
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ease of use, and quick results. Before measuring postprandial blood glucose, participants are
recommended to fast overnight which could range from ten to twelve hours, so that fasting blood
glucose can be taken at the start of the test (0 min) and participants can consume a test food and

1AUC can be measured.

2.3 Glucose metabolism and satiety regulation

Glucose is the body's main energy source; it plays a vital role in regulating hunger and feelings of
fullness through hormonal interactions [48]. Satiety is the feeling of fullness after eating, which
stops you from eating more, this includes a decrease in appetite [24]. Insulin, a peptide hormone
synthesized and released by the pancreas's beta cells, primarily manages blood glucose
concentrations [49]. Insulin has an anorexigenic effect, having the ability to reduce appetite and
induce satiety sensation. This effect plays a central role in promoting a sense of fullness after food
consumption and curbing food intake [50, 51]. Additionally, insulin lowers blood glucose
concentrations by facilitating glucose absorption into cells [52]. Nutrients, especially dietary fiber

potentially influence satiety by modifying insulin and blood glucose response [53].

There are various other hormones related to glucose metabolism and satiety including ghrelin,
cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), and peptide tyrosine [PYY] [54]. These
hormones help control how our digestive system functions, regulate our appetite and food intake,
and manage blood glucose concentrations after eating. They interact with receptors in the
gastrointestinal tract and brain, giving fullness sensations [55]. Several hormones like ghrelin,
CCK, GLP-1, and PYY regulate appetite, digestion, and post-meal blood glucose by signaling

between the gut and brain [56]. They are classified into two distinct types "orexigenic" and



"anorexigenic". Orexigenic hormones are the hormones that trigger appetite which in turn
increases food consumption, such as ghrelin [57]. Ghrelin is also known as the “hunger hormone”,
it is produced in the stomach and stimulates food intake through various mechanisms [58]. It
promotes the desire to eat and stimulates appetite, leading to increased food intake, when the
hormone ghrelin levels are high, it might be associated with obesity due to increased food
consumption [59-61]. Although research shows that ghrelin can affect blood glucose regulation,
low levels of ghrelin are linked with high insulin levels which could lead to improved blood
glucose regulation [62, 63]. Anorexigenic hormones are the opposite of orexigenic, they help to
reduce food consumption by reducing appetite by increasing fullness sensation, and aid in
inhibiting appetite such as peptide YY, cholecystokinin, and glucagon-like-petide-1. They work
hand in hand to manage weight and regulate energy balance [64]. Research has shown that
administering PYY, CCK, and GLP-1 in both humans and rodents help suppress appetite and
promote satiety, which could be beneficial in preventing obesity and some chronic diseases [65,
66]. Cholecystokinin is a peptide hormone that plays an important role in digestion, although it
does not have direct effect on blood glucose regulation, it helps in the digestion and absorption of
nutrients and could stimulate the release of insulin [67-68]. Gastric emptying is associated with
blood glucose regulation because slower gastric emptying leads to a more gradual release of
nutrients into the small intestine which prevents rapid increase of blood glucose concentrations

[70].

2.3 How to measure palatability and appetite
Visual analog scales (VAS) are used to measure participants' appetite and palatability before and

after food consumption. They are scales that are often 100 mm in length and are labeled,
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participants select a point on the scale to express their feelings after consuming a meal. Such as
from “not hungry at all” to “extremely hungry” in the case of appetite. The scale can be adjusted
to various directions based on their appetite and palatability [71]. The use of this scale has been

reproduced and validated in both adults and children [72, 73].

2.4 Wild Rice: History and Habitat

Wild rice (Zizania sp.) also called manoomin in Ojibwe, which means “the good berry”, as well as
Canadian rice, water oats, and Indian rice [74-75]. There are four primary species: Zizania palutris,
Zizania aquatica, Zizania texana, and Zizania latifolia, while Zizania latifolia is native to Asia,
the other three varieties can be found within the region of North America [75]. Wild rice species
are grass indigenous to North America and have been widely cultivated and consumed by
Indigenous People in the region [13]. It thrives in isolated lakes and slow-moving streams,
spanning a geographical range from southern Canada to the Rocky Mountains, and the Gulf of
Mexico [76]. For several centuries, the Indigenous Peoples within the area now called the United
States and Canada have been involved in the practice of cultivating and harvesting wild rice [77].
It is currently in the consumer marketplace as a delicacy, owing to its unique flavor, color, texture,
and taste [78]. Wild rice is mostly cultivated in North America, India, China, and specific parts of
Nigeria, particularly in the northern regions [79]. According to Xu et al., wild rice might have
originated in North America, before being distributed to eastern Asia via the Bering land bridge
[80]. In North America, there are three species of wild rice indigenous to this area which includes
(Z. aquatica, Z. palustris, and Z. texana), while there is another species (Z. latifolia) peculiar to
eastern Asia [20]. Chinese wild rice (Z. latifolia) has been shown to have a low-GI and is a source

of resistant starches [18]. Resistant starches are a type of carbohydrate that shows resistance to
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digestion in the small intestine, allowing them to remain intact until they reach the large intestine
[81]. Once in the large intestine, they undergo fermentation by the resident gut bacteria, which
leads to short-chain fatty acid synthesis, sensitivity, increased satiation, and reduced postprandial
blood glucose. They slow down the carbohydrate digestion in the meal, resulting in a slower and
gradual release of glucose into the bloodstream. Resistant starches can help prevent rapid increase
in blood glucose and reduce the possibility of developing type 2 diabetes [81-83]. As shown in

(Table 1), the nutrient composition of wild rice is reported.
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Table 1 Reported Nutrient Composition of Wild Rice [84-86]

Nutrient Components Concentration
Total carbohydrate 72.3-75.3%
Protein 10-18%
Albumins 10%
Globulins 10%
Prolamins 1%
Glutelin 79%
Fat/lipid 0.5-0.8%
Ash 1.2-1.4%
Moisture 7.9-11.2%
Crude fiber 0.6-1.1%
Starch 69.3%
Rapidly digestible starch 60.1%
Slowly digestible starch 4.0%
Resistant starch 5.2%

Thiamine (vitamin B1)
Riboflavin (vitamin B,)
Niacin (vitamin B3)

Tocopherols (vitamin E)

0.30-0.63 mg/100 g
0.07-0.60 mg/100 g
4.60-10.3 mg/100 g

0.20-0.50 mg/100 g
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According to Qiu et al., [87] wild rice contains a significantly higher concentration of phenolic
compounds and exhibits antioxidant activity approximately ten times greater than that of white
rice. The researchers focused on analyzing the antioxidants, specifically the total phenolic content
(TPC). The results show that wild rice had higher TPC levels (419-588 mg GAE/kg) compared to
white rice, which only contained 46 mg GAE/kg. Since wild rice likely has a lower GI, higher
fiber and protein content as well higher in resistant starch, relative to white rice, it has the potential
to be used to develop food products with low GL which could be beneficial for people in the

management of their postprandial blood glucose response.

2.5 Wild rice: Glycemic response

A literature search of google scholar, Web of Science, UM library and PubMed was conducted,
and studies focused on the effect of wild rice on glycemic response in both rats and humans [14,
16, 17]. In 2013, researchers in China conducted a study using rats to investigate the impact of
substituting dietary carbohydrates with wild rice on insulin resistance [16]. The male Sprague-
Dawley rats aged ten weeks were administered a diet rich in fat and cholesterol for the study. After
an acclimatization period, the rats were randomly allocated to four groups of ten random. The
groups were fed a city diet, a wild rice diet, a high fat/cholesterol diet (model), and a low-fat diet
serving as the negative control, respectively. The city diet in this study was a diet high in
cholesterol and fat and replicated the diet of the people living in modern Asian societies.
Throughout 8 weeks, the rats were provided with diets based on their assigned groups, while their
body weight and food consumption were consistently observed and documented. After analysis of
the data collected, it showed that rats fed with a wild rice diet had a notable reduction in fasting

blood glucose. Homeostatic model assessment for insulin resistance (HOMA-IR) index showed

12



that the wild rice diet had positive effects on glucose tolerance and insulin sensitivity. Findings
from the studies suggest that wild rice could potentially be a good dietary option in the prevention
of diet-related chronic diseases [16]. In 2015, Zhang and colleagues measured the GI of Chinese
wild rice (Z. latifolia) and assessed its impact on blood glucose concentrations [14]. Eight healthy
adults were administered sixty-seven grams of wild rice and fifty grams of glucose as a control.
The Jenkins and Wolever formula were used to calculate a GI of 53.72 for the Chinese wild rice.
Additionally, fifty male Sprague-Dawley rats were randomly allocated to diet groups including a
negative control, an insulin resistance (IR) model, a high-dose wild rice, a low-dose wild rice, and
white rice flour. It was concluded that Chinese wild rice can improve insulin resistance caused by
a high-fat diet in rats [ 14]. Lastly, in contrast to the study above, a study carried out in low-density
lipoprotein (LDL) receptor knockout rats concluded that long-term consumption (twenty-four
weeks) of wild rice (Z. palustris) powder (60%) within an atherogenic diet led to a 60% rise in
fasting glucose compared to the control group which was an atherogenic diet without the wild rice
powder. The atherogenic rat diet consists of 9% fat which was supplemented with 0.06%
cholesterol which made the diet atherogenic. Fasting blood glucose was collected from the jugular
vein under anesthesia and reasons for the increase in blood glucose were not given [17]. The
studies investigated the effects of wild rice on glucose metabolism, two of the studies found that
wild rice improved sensitivity to insulin and reduced fasting blood glucose in rats and had a
moderate GI in humans [16, 88]. However, one study reported that long-term consumption of wild
rice within an atherogenic diet unexpectedly increased fasting glucose in LDL receptor knockout

rats [17] (Table 2)
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Table 2. Tabulated Literature review on glycemic response to wild rice [14, 16, 17]

Title “Effects of Dietary Carbohydrate | “Determining glycemic index of wild “Anti-Atherosclerotic Properties of
Replaced with Wild Rice rice and effects on insulin resistance Wild Rice in Low-Density
in rats”.
(Zizania latifolia (Griseb) Turcz) Lipoprotein Receptor Knockout
on Insulin Resistance in Rats Fed Mice: The Gut Microbiome,
with a High-Fat/Cholesterol Cytokines, and Metabolomics Study”
Diet.”
Author, Han et al., 2013 [16] Zhang et al., 2015 [14] Moghadasian et al.,2019 [17]

Journal year,

and
references
Objectives To improve resistance to insulin | To determine the glycemic index of Anti-atherosclerotic properties of
in rats fed with a high-fat or wild rice and its effects on insulin Wild Rice
high-cholesterol diet (HFC) resistance after inducing rats with a
high-fat diet.
Intervention | Wild rice diet Human: 67g wild rice 60% wild rice powder plus an
Rats — 1) IR model group, 2) high- atherogenic diet
dose of wild rice group, 3) low-dose
of wild rice group, 4) white rice-flour
group
Comparator | Low fat diet on the AIN-76A 50 g glucose -humans Atherogenic diet, no wild rice powder
formulation negative control group-rats
HFC
City diet
Study design | 40 ten-week-old male SD rats 8 adults 16 males, 4-week-old LDL-r-KO
and fed for 8 weeks 50 Sprague-Dawley rats fed for 8 mice
Participants weeks
Outcome Chinese wild rice prevents Asian wild rice has a low glycemic Anti-atherogenic property was seen in

insulin resistance and decreases
chronic metabolic syndrome in

wild rice-fed rats.

index of 53.72. It may improve

insulin resistance in rats.

the wild rice fed mice 