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Abstract

Purpose of review—Cravings for carbohydrates have been known about for hundreds of years 

but the mechanisms behind it were unclear. This review will highlight recent advances in our 

knowledge of mechanisms to detect carbohydrates in the diet.

Recent findings—Recent work has begun to identify the physiological mechanisms by which 

carbohydrates and glucose are detected and how this drives their intake. Recently evidence has 

been found for systems that regulate carbohydrate and glucose intake via taste, hedonic and 

homeostatic pathways.

Summary—Identification of the physiological mechanisms that regulate carbohydrate intake will 

allow a better understanding of how their intake is regulated and responds to changes in dietary 

intake. Such an understanding will be key to developing a more rational approach to the 

development of successful weight loss diets.
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Introduction

Energy from food comes in three macronutrient forms: fat, protein, and carbohydrate. 

Carbohydrates are a major source of energy in the diet and are needed for multiple essential 

physiological processes. Carbohydrates are divided by their chemical structures which are 

broadly sugars (monosaccharides and disaccharides), polyols, oligosaccharides (malto-

oligosaccharides and non-digestible oligosaccharides) and polysaccharides (starch and non-

starch polysaccharides) (Scientific Advisory Committee on Nutrition UK). According to 

Public Health for England it is recommended that the dietary reference value for total 

carbohydrate should be 50% of total. The science behind the carbohydrate cravings are not 

yet fully understood however there are compelling studies looking into changes in neural 

circuitry, gene expression and central receptor modifications as well as hormonal influences 

and behavioural changes relating to reward and addiction. Much of the initial work in this 

field focussed on the effect of sweet taste and ingestion of simple sugars. However this 
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review aims to detail the most recent evidence for the physiology behind the carbohydrate 

craving, concentrating on complex carbohydrates and the post-ingestive effects of glucose.

The Role of Taste

Animals rely on chemoreceptor systems including taste to detect foods containing metabolic 

fuels such as glucose to meet their physiological needs.

In humans taste is an important factor governing eating behaviour as it contributes to food 

preference, and it is thought that it modulates appetite and caloric intake [1]. Obese patients 

report higher enjoyment for sweetness compared with normal weight subjects [2].

Taste in mammals has classically been thought to be limited to sweet, sour, salty, bitter and 

umami.

Thus much of the work on taste regarding carbohydrate intake has concentrated on simple 

sugars and sweet taste which is established as a driver of food intake and is activated by a 

wide range of sweet tastants including sugars and non-nutritive sweeteners.

A polysaccharide taste mechanism was first proposed to exist in rodents more than thirty 

years ago and a great deal of evidence supports its existence although it still remains 

controversial [3]. In part this may be due to the inherent difficulty of conducting taste 

research in species other than humans. Recent research suggests that humans are able to 

taste carbohydrates in the form of glucose oligomers, via a mechanism independent of the 

sweet tastes receptors[4]. The participants in the experiment were able to detect the taste of 

short glucose oligomers between 7-14 monomers but not polymers containing on average 44 

monomers. The participants were able to do this in the presence of agents which block both 

amylase activity and T1R3 a key component of the sweet taste receptor [4]. In addition the 

participants described the solution as tasting starchy using terms such as bread-like, rice-like 

and rather than sweet providing further support for a non-sweet based taste pathway.

However the mechanism underlying this ‘carbohydrate’ taste, whether oligomers of other 

sugars also activate this system and its relative importance in the regulation of carbohydrate 

intake is currently unclear.

Post absorptive regulation of carbohydrate intake

While taste is an important driver of carbohydrate intake post absorptive detection and 

responses to carbohydrate intake are important regulators of its consumption. The 

importance of this system is highlighted by the finding that mice lacking SGLT1, a sugar 

transporter and receptor have an intake sweet taste response but lack the intake enhancing 

effect of gastric infusion of glucose [5]. There are thought to be two main pathways by 

which glucose enhances its own intake, hedonic or reward effects and homeostatic effects. 

Although these are considered separately in this review in reality there is considerable 

overlap between the two pathways and indeed with those of taste so they would act in 

concert to regulate glucose intake.
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The hedonic system regulates carbohydrate intake

Much of the ground-breaking work in this area was based upon the interaction between 

sugar intake and acute changes in hedonic pathways. Some of the more recent work has 

compared the effects of different sugars or high carbohydrate diets on the reward and 

hedonic pathways.

In one recent human study, when participants were allowed to eat ad libitum, consumption 

of high-carbohydrate foods resulted in greater postprandial satiety, greater satiation and 

lower total daily energy intake compared with the consumption of high-fat foods [6]. 

Importantly, despite controlling for energy content, weight and palatability, the explicit 

liking and implicit wanting for high-fat foods were also suppressed to a greater extent 

following consumption of the high-carbohydrate meal compared to the high fat low 

carbohydrate meal. However this study did not examine any possible mechanism underlying 

this finding but suggests that carbohydrates may have a more powerful effect on the hedonic/

reward pathways than high fat low carbohydrate foods and thus less is required to sate the 

reward system. Support for this interpretation has been found in studies in rodents. 

Intermittent access to an 8% glucose solution resulted in reduced binge drinking compared 

to intermittent access to 8% fructose on rats. Glucose was also able to abolished cocaine 

conditioned place preference whereas fructose preserved cocaine conditioned place 

preference [7]. These data were interpreted by the authors to suggest that intake of glucose is 

more rewarding than that of fructose. Further support for this interpretation comes from 

another study in mice examining the interaction between sugars and the reward pathway [8]. 

In a series of experiments examining short-term and long-term preference for fructose, 

glucose or sucrose compared to non-caloric sweeteners. In short term exposure experiments, 

the non-caloric sweetener was preferred to all of the sugars. In the long-term exposure test 

glucose and sucrose were preferred to the non-caloric sweetener but fructose was not. The 

rewarding effects of the agents were also examined using progressive ratio test. In this 

paradigm the mice were willing to expend more effort to obtain glucose than any of the 

other solutions. This result suggests that ingestion of glucose is more rewarding than 

ingestion of other sugars.

However some of these data could also be interpreted to suggest that intake of glucose is less 

rewarding that intake of fructose indeed this is the interpretation placed on similar data from 

a study in human volunteers [9]. In this study healthy volunteers underwent two functional 

magnetic resonance imaging (fMRI) sessions with ingestion of either fructose or glucose. 

Ingestion of fructose relative to glucose resulted in greater brain reactivity to palatable food 

cues in the visual cortex (in whole-brain analysis) and left orbital frontal cortex (in region-

of-interest analysis). Fructose ingestion led to greater hunger and desire for food and a 

greater willingness to give up long-term monetary rewards to obtain immediate high-calorie 

foods than did glucose ingestion. The authors interpreted these findings to suggest that 

fructose activates brain regions involved in attention and reward processing to a greater 

extent than glucose and so and may promote food intake. Which of these two interpretations 

of the data that glucose activates the reward circuits to a lesser or greater extent than glucose 

is not yet clear and further work will be required to elucidate this.
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The homeostatic pathway regulates carbohydrate intake

In addition to taste and the hedonic value of food a homeostatic process to control glucose 

intake has long been proposed. Recent work has focused on trying to identify a 

hypothalamic mechanism or circuit which could regulate this process. Historically it has 

been difficult to disentangle the hedonic effects of food from the homeostatic effects entirely 

especially in studies in rodents and indeed they are unlikely to be separate systems but 

intimately linked

In a series of elegant experiments, based on gastric infusion of either glucose or sucralose, a 

non-nutrient sweetener, stimulated by licking of a sucralose solution separate basal ganglia 

circuitries mediating the hedonic and nutritional actions of sugar were found [10]. Gastric 

infusion of either glucose or sucralose resulted in increased dopamine in the ventral striatum 

during sucralose licking. In contrast increased dopamine levels were found in the dorsal 

striatum during gastric infusion of glucose but not of sucralose. Addition of a bitter taste to 

the sucralose licking solution inhibited dopamine release in the ventral, but not dorsal, 

striatum. By contrast gastric infusion of non-metabolizable L-glucose inhibited dopamine 

release in dorsal, but not ventral, striatum. Optogenetic stimulation of dopamine-excitable 

cells in the dorsal striatum drove ingestion of bitter tasting sucralose solution in the same 

fashion as gastric infusion of glucose. In contrast similar stimulation of the ventral striatum 

did not affect intake of the adulterated solution. This work suggests that the energy content 

of food can override the hedonic rewarding qualities of the food to drive intake of it. 

Whether this system is also activated by other energy containing sugars or is specific for 

glucose is currently unclear and requires further investigation.

One of the major regions of the brain regulating homeostatically driven food intake is the 

hypothalamus. Several hypothalamic nuclei are involved in the process the best 

characterised of these is the arcuate nucleus. We have recently reported a mechanism within 

the arcuate nucleus of rodents which specifically regulates glucose intake and is not 

responsive to fructose or saccharin [11]. Glucokinase expressed in the arcuate nucleus acts 

as part of a glucose-sensing system, analogous to that in the β cell, as part of a central 

macronutrient regulatory system. Increasing glucokinase activity specifically in the arcuate 

nucleus increased intake of glucose in preference to normal chow in rats. Whilst decreasing 

glucokinase activity in the arcuate had the opposite effect reducing glucose intake. There is 

indirect support for this finding since activation of glucokinase expressing cells in the 

hypothalamus, using selective electromagnetic activation, increased food intake [12].

However arcuate glucokinase is not the sole system regulating homeostatic glucose intake. 

Recent evidence suggests that ghrelin is an important regulator of glucose intake. Mice with 

targeted deletion of ghrelin O-acyltransferase, the enzyme responsible for octanylation and 

thus activation of ghrelin consumed less glucose and maltodextrin than wild type littermates 

in a two bottle selection test whilst intake of fructose and saccharin was not affected [13]. 

Conversely administration of acetylated ghrelin to normal mice increased intake of both 

glucose and maltodextin solution but did not affect intake of either fructose or saccharin. 

This suggests that ghrelin has an important role on the regulation of glucose intake, however 

details of the mechanism regulating this are currently lacking. It is possible that ghrelin 
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interacts with the glucokinase expressing neurones within the arcuate nucleus to regulate 

glucose intake currently there is no direct evidence for this however ghrelin receptors are 

expressed on the appropriate neurones.

Health effects of dietary carbohydrates

The health effects of consuming a diet rich in carbohydrates is an area of much controversy. 

This controversy is particularly acute with respect to the role of dietary carbohydrate in the 

development of obesity or conversely weight loss although a recent meta analysis of studies 

suggests that low fat and low carbohydrate diets are equally efficient at reducing weight 

[14].One confounding factor with studies on dietary carbohydrates is the variety of dietary 

constituents that are classified as carbohydrates. There have been recent efforts to quantify 

the different classes of carbohydrates within the diet to remove this potentially confounding 

factor. However this approach has not done much to clarify the situation. One recent study 

suggests that the quality of the carbohydrate in the diet is a risk factor for the development of 

type 2 diabetes rather than just the quantity [15] with greater intake of processed starch 

linked to increased incidence of type 2 diabetes. Although other studies have not supported 

this finding and indeed found the opposite effect of a low carbohydrate diet [16]. It is 

possible this difference may be due to the different populations studied or the dietary 

constituents which replace carbohydrates. Or other characteristics of the study group since it 

has been suggested that in the obese high carbohydrate diets are a risk factor for the 

development of diabetes [17]. The evidence for low carbohydrate diets in improving 

outcomes for patients with diabetes is equally unclear. Although emerging evidence does 

suggest that the inclusion of complex carbohydrates in the diet rather than fat and glucose 

may be beneficial [18, 19], although not all recent studies have found this association [20]. 

Others have found that a low carbohydrate diet may be beneficial to a subset of patients with 

diabetes who are unable to maintain a calorie restricted diet [21]. Thus the role of dietary 

carbohydrates in diet and health is still unclear. However this is an area of very active 

research and undoubtedly more clarity will be provided by more trials.

Conclusions

The recent identification of a carbohydrate taste mechanism in humans should help resolve 

some of the controversy about the non-sweet taste of carbohydrates although identification 

of an underlying mechanism is likely required to do so fully and may allow development of 

agents which mimic the taste of starch with fewer calories. What is still to be resolved is the 

health effects of dietary carbohydrate. While there are many studies already on this no clear 

consensus has so far emerged. This is likely to be due to the confounding factors of different 

types of carbohydrate in the diet and individual response. Ultimately individual 

recommendations on diet may be required rather than broad population based 

recommendations. But such recommendations will require a greater understanding of the 

interaction between dietary carbohydrate and genetic and other factors.

Acknowledgements

None

Ma et al. Page 5

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2018 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Financial support and sponsorship.

The Section of Endocrinology and Investigative Medicine is funded by grants from the MRC, BBSRC, NIHR, an 
Integrative Mammalian Biology (IMB) Capacity Building Award, an FP7- HEALTH- 2009- 241592 EuroCHIP 
grant and is supported by the NIHR Biomedical Research Centre Funding Scheme. The views expressed are those 
of the author(s) and not necessarily those of the (name of funder), the NHS, the NIHR or the Department of Health.

References

[1]. Primeaux SD, de Silva T, Tzeng TH, et al. Recent advances in the modification of taste and food 
preferences following bariatric surgery. Reviews in Endocrine & Metabolic Disorders. 2016; 
17:195–207. [PubMed: 27245858] 

[2]. Bartoshuk LM, Duffy VB, Hayes JE, et al. Psychophysics of sweet and fat perception in obesity: 
problems, solutions and new perspectives. Philosophical Transactions of the Royal Society B-
Biological Sciences. 2006; 361:1137–1148.

[3]. Spector AC, Schier LA. Behavioral evidence that select carbohydrate stimuli activate T1R-
independent receptor mechanisms. Appetite. 2016

[4]. Lapis TJ, Penner MH, Lim J. Humans Can Taste Glucose Oligomers Independent of the hT1R2/
hT1R3 Sweet Taste Receptor. Chemical senses. 2016 [** First description of separate 
carbohydrate taste in humans]

[5]. Sclafani A, Koepsell H, Ackroff K. SGLT1 sugar transporter/sensor is required for post-oral 
glucose appetition. 2016; 310:R631–639. [** Evidence that post oral effects of glucose are 
important in promoting tis consumption]

[6]. Hopkins M, Gibbons C, Caudwell P, et al. Differing effects of high-fat or high-carbohydrate meals 
on food hedonics in overweight and obese individuals. The British journal of nutrition. 2016; 
115:1875–1884. [PubMed: 27001260] [* First report of high carbohydrate food inhibiting 
hedonic response to high fat food]

[7]. Rorabaugh JM, Stratford JM, Zahniser NR. Differences in Bingeing Behavior and Cocaine Reward 
Following Intermittent Access to Sucrose, Glucose or Fructose Solutions. Neuroscience. 2015; 
301:213–220. [PubMed: 26079112] [** Description of the effects of glucose on reward circuits 
and its relative rewarding effect]

[8]. Sclafani A, Zukerman S, Ackroff K. Postoral glucose sensing, not caloric content, determines 
sugar reward in C57BL/6J mice. Chemical senses. 2015; 40:245–258. [PubMed: 25715333] [** 
Identification that the effect of glucose on reward is not dependent on calories but is specific for 
glucose]

[9]. Luo S, Monterosso JR, Sarpelleh K, Page KA. Differential effects of fructose versus glucose on 
brain and appetitive responses to food cues and decisions for food rewards. Proc Natl Acad Sci U 
S A. 2015; 112:6509–6514. [PubMed: 25941364] [* Study in humans identifying different effect 
of glucose and fructose on reward circuits]

[10]. Tellez LA, Han W, Zhang X, et al. Separate circuitries encode the hedonic and nutritional values 
of sugar. Nature neuroscience. 2016; 19:465–470. [PubMed: 26807950] [** Identification of two 
separate reward ciruits one of which responds to the nutritional content of glucose]

[11]. Hussain S, Richardson E, Ma Y, et al. Glucokinase activity in the arcuate nucleus regulates 
glucose intake. The Journal of clinical investigation. 2015; 125:337–349. [PubMed: 25485685] [* 
Identification of possible homeostatic pathway regulating glucose intake]

[12]. Stanley SA, Kelly L, Latcha KN, et al. Bidirectional electromagnetic control of the hypothalamus 
regulates feeding and metabolism. Nature. 2016; 531:647–650. [PubMed: 27007848] 

[13]. Kouno T, Akiyama N, Fujieda K, et al. Reduced intake of carbohydrate prevents the development 
of obesity and impaired glucose metabolism in ghrelin O-acyltransferase knockout mice. 
Peptides. 2016; 86:145–152. [PubMed: 27816752] [* Identification of ghrelin as an important 
regualtor of glucose intake]

[14]. Hall KD, Guo J. Obesity Energetics: Body Weight Regulation and the Effects of Diet 
Composition. Gastroenterology. 2017

Ma et al. Page 6

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2018 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[15]. AlEssa HB, Bhupathiraju SN. Carbohydrate quality and quantity and risk of type 2 diabetes in 
US women. 2015; 102:1543–1553. [* Study investigating the effect of type of carbohydrate 
rather than total amount on diabetes risk]

[16]. Bao W, Li S, Chavarro JE, et al. Low Carbohydrate-Diet Scores and Long-term Risk of Type 2 
Diabetes Among Women With a History of Gestational Diabetes Mellitus: A Prospective Cohort 
Study. Diabetes care. 2016; 39:43–49. [PubMed: 26577416] [* Study of the effect of dietary 
carbohydrate in women at higher risk of developing type two diabetes]

[17]. Sakurai M, Nakamura K, Miura K, et al. Dietary carbohydrate intake, presence of obesity and the 
incident risk of type 2 diabetes in Japanese men. Journal of diabetes investigation. 2016; 7:343–
351. [PubMed: 27330720] 

[18]. Vitale M, Masulli M, Rivellese AA, et al. Influence of dietary fat and carbohydrates proportions 
on plasma lipids, glucose control and low-grade inflammation in patients with type 2 diabetes-
The TOSCA.IT Study. European journal of nutrition. 2016; 55:1645–1651. [PubMed: 26303195] 

[19]. Campmans-Kuijpers MJ, Sluijs I, Nothlings U, et al. The association of substituting 
carbohydrates with total fat and different types of fatty acids with mortality and weight change 
among diabetes patients. Clinical nutrition (Edinburgh, Scotland). 2016; 35:1096–1102. [* Study 
suggesting high carbohydrate intake is a risk factor only in those who are obese]

[20]. Horikawa C, Yoshimura Y, Kamada C, et al. Is the Proportion of Carbohydrate Intake Associated 
with the Incidence of Diabetes Complications?-An Analysis of the Japan Diabetes Complications 
Study. Nutrients. 2017; 9

[21]. Sato J, Kanazawa A, Makita S, et al. A randomized controlled trial of 130 g/day low-
carbohydrate diet in type 2 diabetes with poor glycemic control. Clinical nutrition (Edinburgh, 
Scotland). 2016 [* Study on influence of a low carbohydrate in patients who struggle with calorie 
control diets]

Ma et al. Page 7

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2018 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Keypoints

Carbohydrate taste mechanism independent of sweet taste receptors identified in humans.

Caloric content of glucose activates separate reward pathway to that induced by sweet 

taste.

Homeostatic pathways regulating glucose intake have been identified
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