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Abstract 

Metabolic disorders like type 2 diabetes are a significant health and financial 

burden for many countries, particularly the United States, highlighting a need for 

successful treatment options. Therapeutic efforts to treat metabolic diseases are 

beginning to target the communities of bacteria residing in the gastrointestinal tract, coined 

the gut microbiota. The treatment of the gut microbiome with prebiotics like oligofructose 

(OFS) has demonstrated beneficial effects like reduced body weight, adiposity and even 

alleviating hallmark symptoms of T2D like insulin resistance. Previous OFS studies have 

observed an increase in secretion of gut peptides from enteroendocrine cells (EEC). 

Interestingly, it has been proposed that gut peptides can regulate glucose homeostasis, 

partly via a reduction of hepatic glucose production through a neuronal gut-brain-liver axis 

which is regulated by the small intestinal gut microbiota. In this study, we observe that 

altering the microbiome of high-fat (HF)-fed rodents via OFS treatment restores small 

intestinal nutrient-sensing mechanisms, which could lead to the improvements in glucose 

homeostasis. We observed that expression of nutrient sensor, CD36, in the jejunum of the 

small intestine was significantly decreased after high fat-feeding and restored with OFS 

treatment. Similarly, we observed an increase in GLP-1 release in the hepatic portal vein 

and increased c-FOS expression in the nucleus tractus solitarius (NTS) and area 

postrema (AP) of the hindbrain of prebiotic-treated HFD rats. Lastly, we observed an 

increase in c-FOS expression in the NTS and AP of the hindbrain of HFD-fed rats swapped 

with the microbiota of a prebiotic-treated HFD rat compared to the prebiotic-treated rat 

swapped with HFD-fed microbiota. Collectively, these results demonstrate the implications 

of HFD and the benefits of prebiotic treatment on the gut microbiota, small intestinal 

nutrient sensing, and metabolic homeostasis.  

 

 

 

 

 

 



 

 

 

Introduction 

In 2017, type 2 diabetes mellitus was considered the 7th leading cause of death in 

the United States, with the age-adjusted prevalence of obesity in adults at 42.4%1,2.  Of 

the population, 39% of adults are considered obese and the numbers are growing3. These 

shocking statistics underscore the need for the development of novel therapies in order to 

treat this burdensome disease. Type 2 diabetes (T2D) is identified by its hallmark 

characteristics of insulin resistance, hyperglycemia, and decreased pancreatic β-cell 

function. Since its discovery in the mid1900’s, metformin has been the primary drug used 

to treat T2D by ameliorating hyperglycemia through the inhibition of gluconeogenesis in 

the liver, which has recently been attributed to the impact of metformin on the 

gastrointestinal tract (GI)4. Other therapies targeting the gastrointestinal tract have also 

been developed, like GLP-1 receptor agonists and bariatric surgery, including Roux-En-Y 

gastric bypass5. Thus, the GI tract has been an integral focus of study for its contributing 

role in metabolic homeostasis, nutrient sensing, and hormone secretion in type 2 

diabetes6. The implications of diet on human health have been a growing area of interest 

for scientists in the field of obesity and metabolic disease. Research has shown that caloric 

restriction can contribute to the extension of the human lifespan and increase quality of 

life, while a prolonged high-fat diet induces systemic inflammation and contributes to 

disease in many organs7,8. Interestingly, with increasing knowledge and discovery within 

the field, the prevalence and rate of overweight and obese adults has increased since 

1980, especially in the United States9. Interestingly, recent research has found that a 

major intersection of these effects on host physiology is the gut microbiota.  

Research has shown that the human microbiome, the collection of microorganisms 

found on and within the human body, plays a large role in the physiological and 

pathophysiological states of humans10. Interestingly, the gut microbiota, consisting of 1014 

microbes, can be altered by diet and ultimately contribute to the disease state of the host11. 

In a healthy adult gut, the most represented Phyla are primarily Firmicutes ( ~38.8%) and 

Bacteroidetes (~27.8%), with some presence of Actinobacteria ( ~8.2%) and 

Proteobacteria (~2.1%), though the composition may vary by individual12. Despite several 

studies demonstrating metabolic disease is associated with phylum-level shifts, more 

recent work has found that specific genus-level shifts likely play a large role in driving 

obesity and diabetes. For instance, the presence of Lactobacillus has been suggested to 

prevent inflammation, obesity, T2D, and other systemic diseases via the production of 

short chain fatty acids (SCFA)13. Additionally, high-fat diet (HFD) has been shown to 

decrease Lactobacillus abundance, while increasing gut permeability and inflammation, 

leading to a disease state in the host14.  



 

 

 

The ability for the gut microbiota to catabolize indigestible carbohydrates like fiber 

into short chain-fatty acids (SCFAs) is one of the essential characteristics which contribute 

to a mutualistic relationship with its human host. The quantity of SCFAs in terms of 

production is dependent on the amount and composition of nutrients ingested, and on the 

profile of the gut microbiota15. The production of SCFAs like acetate, propionate, and 

butyrate allows nutrient-specific detection by enteroendocrine cells (EECs) lining the 

intestine16. Upon activation via their nutrient sensors, EECs release several gut peptides, 

like incretin hormones gastric inhibitory polypeptide (GIP) and glucagon-like peptide-1 

(GLP-1) as a result of depolarization and increased intracellular Ca2+ to induce exocytosis. 

These hormones are eventually detected through downstream intracellular signaling 

involving organs like the pancreas, liver, and brain17, or activated local vagal afferent 

neurons that innervate in close proximity to the epithelial layer35. EECs are extremely 

heterogeneous in their peptide secretion, with a subset of cells geared towards primary 

secretion of GLP-1, thus acting as a key regulator of satiety and postprandial blood 

glucose levels in humans. In order to study nutrient sensing in vitro, we will use an 

enteroendocrine model cell line, GLUTag cells. GLUTag cells secrete GLP-1 among other 

incretin hormones and respond to treatment of glucagon and glucose18.  

  Interestingly, the gut microbiota has demonstrated its contribution to host 

metabolism and glucose homeostasis, leading to a growing interest in treatments to 

manipulate the gut microbial ecosystem in response to human disease. In an analysis of 

the relationship between the gut microbiome and insulin resistance, a hallmark of T2D, 

the production of butyrate appears to play a significant role19. In HFD mice, butyrate 

treatment suppresses weight gain and systemic inflammation when compared to non-

treated mice. It was also shown that butyrate increases GIP and GLP-1 secretion and 

suppresses NF-κB, indicating an overall reduction in inflammation and the reinforcement 

of the intestinal barrier’s integrity in rodents19. This study indicates that the composition 

and presence of microbes in the gut contributes to the efficiency of nutrient sensing via 

the gut-brain axis. By manipulating secondary metabolites produced by the gut microbiota, 

there is an opportunity to diversify and reestablish a “healthy gut” which could prevent and 

treat T2D, in addition to other metabolic disorders. 

In the small intestine (SI), EECs sense ingested nutrients, triggering a negative 

feedback to regulate food intake and glucose homeostasis20. Luminal nutrient sensing 

proteins are specific to the type of nutrient they identify. Activation of these proteins causes 

depolarization of the cell and release of intracellular Ca2+ for the exocytosis of gut peptides 

like GLP-121. Secretion of gut peptides via carbohydrates, like glucose, is mediated by 

sodium-glucose luminal transporter-1 (SGLT-1), while lipids are sensed by G protein-

coupled receptors (GPCRs) like GPR40 and GPR12020,21. Additionally, lipid-induced 

secretion of gut peptides requires intestinal CD36, as knockdown of this protein results in 



 

 

 

impaired responses to ingested fatty acids22. In response to the ingestion and sensing of 

nutrients, EECs release incretin peptides GIP and GLP-1, which are known to stimulate 

insulin release from pancreatic β-cells, increase satiety, and delay gastric emptying via 

activation of vagal afferents23,24. Secretion of GLP-1 also initiates activation of the vagus 

autonomic reflex innervating the intestinal wall, leading to neuronal activation and food 

intake suppression25. Transmission of gut signals to the CNS indicates the vagus nerve 

as the most direct route of communication between these systems26. As a main 

component of the parasympathetic nervous system (PNS), the sensory afferent cell bodies 

of the vagus nerve within the nodose ganglia innervate at the nucleus tractus solitarius 

(NTS) of the hindbrain26. Interestingly, the ability of EECs to sense nutrients and activate 

a gut-brain vagal axis is dependent on the diet, as HFD is known to abolish nutrient 

sensing mechanisms in the SI. More recently, it has been established that this impaired 

sensitivity to nutrients during HFD is dependent on the small intestinal gut microbiota. 

Specifically, impaired nutrient sensing was associated with decreased Lactobacillus 

levels27. Therefore, it is plausible that Lactobacillus may impact the ability of EECs to 

sense nutrients and induce gut peptide secretion. As such, we hypothesized that lactate, 

a main metabolic byproduct of Lactobacillus could be impacting EECs and their ability to 

sense nutrients upon intake.  

 HFD has shown to have many negative implications in terms of gut microbial 

diversity and glucose homeostasis. Interestingly, treatment options to target the 

microbiome in an effort to mitigate the hallmark symptoms of T2D are being investigated. 

Non-digestible polysaccharides called prebiotics have drawn significant interest among 

researchers aiming to non-invasively manipulate the gut microbiota. Prebiotics promote a 

beneficial gut microbiota and improve both energy and glucose homeostasis, although the 

exact mechanisms remain unknown28. Given the aforementioned link between the gut 

microbiota and small intestinal gut-brain signaling, we propose that prebiotics improve 

small intestinal nutrient-sensing mechanisms to improve energy homeostasis via this 

signaling pathway. 

 

 

 

 

 

 

 



 

 

 

Methods 

 

Animals 

Ethics Statement. All rats were housed and maintained in accordance with The University 

of Arizona Institutional Animal Care and Use Committee (IACUC). All protocols were 

approved by the IACUC.  

Rats. 8-week-old, male Sprague-Dawley , purchased from Charles River Laboratories 

(Wilmington, MA), were co-housed and maintained on a 12-hour light/dark cycle with ad 

libitum access to chow (Teklad #2018) or high fat diet HFD (Research diets D42151; 45% 

fat, 35% carbohydrates, 4.7 kcal/g).  

Experimental Groups.  Rats used for control were maintained on a chow diet (n=12) for 9 

weeks. Another group of rats were placed on HFD for 3 weeks to promote weight gain and 

adiposity. After 3 weeks, a subgroup of the HFD rats were then supplemented with 10% 

OFS (OFS, Beneo P95) in their drinking water (HFD+OFS group) (n=11). The remaining 

rats were maintained on the HFD (n=9) for the remainder of the study. Body weight, fat, 

and adiposity were measured at the end of 9 weeks. Rats were sacrificed and small 

intestinal mucosa collected for subsequent experiments.  

 

Gut Tissue Homogenization and Protein Assay 

Lysis buffer with protease inhibitor cocktail was added to gut tissues (duodenum, jejunum, 

ileum). On ice, the tissue was homogenized and then centrifuged at 12000 rpm for 15 m 

at 4ºC, and the supernatant was collected. The samples were then assayed for total 

protein using a Thermoscientific BCA kit using the manufacturer's protocol. 

 

Western blotting  

Lysates were analyzed for total protein concentration in order to load equal protein 

concentrations and the loading sample was prepared with sample buffer. Denatured 

proteins were separated by 4-20% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis) and transferred to nitrocellulose membrane. For chemiluminescence, 

membrane was blocked 1 h in 5% milk TBS-Tween or 1 h in 3% or 5% BSA TBS-Tween. 

Membranes were incubated overnight in TBS-Tween with relevant primary antibodies. 

Membranes were washed 3x 10 min in TBS-Tween and incubated for 1 h with relevant 

secondary antibodies in TBS-Tween. Following 3x 10 min washing in TBS-Tween, the 

membranes were observed by BioRad Image Reader. Tween was removed from TBS in 

blocking and Ab solutions when using fluorescence antibodies.  

 

 

 



 

 

 

Tissue collection and Immunohistochemistry 

Fixative, perfusion buffers, and apparatus were prepared per usual protocol. Two 

experiments were performed. In the first set of rats, animals were equipped with a small 

intestinal catheter and after surgical recovery, rats were placed on either chow or HFD for 

one week and then a subset of HFD rats were treated with 10% OFS in their drinking water 

for 2 days. In another subset of rats, groups were maintained identical, except the day 

before the experiment, several donor rats were sacrificed, small intestinal contents were 

collected and diluted and infused into the small intestinal catheter of recipient rats. This 

was performed so that HFD rats received OFS treated microbiota and vice versa. FOr 

both experimental groups, on the day of the experiment, rats were given either a small 

intestine infusion of saline or intralipid (10kcal total) for 15 min, and then 1 hr later were 

sacrificed. 

Rats were given an i.p. injection of ketamine (80 mg/kg) and xylazine (12 mg/kg) and 

prepared for perfusion surgery. An incision along the entire length of the diaphragm and 

rib cage was performed to expose the heart.  A butterfly needle was placed in the left 

ventricle of the heart for perfusion of ~150 mL of PBS to drain blood followed by ~150 mL 

of paraformaldehyde for fixation. 0.5 mL of blood was collected from the hepatic portal 

vein using a heparinized syringe and placed into tubes with a Dipeptidyl Peptidase 4 (DPP-

4) inhibitor cocktail. The sample was centrifuged and the supernatant was collected for 

active GLP-1 measurement. 

The brain was harvested and the hindbrain isolated by sectioning. The tissue was serially 

sectioned 100 µm using a Vibratome and placed in a 12 well plate. The NTS region was 

stained with c-FOS by usual protocol. Primary antibodies added (1:250 c-FOS) overnight 

at 4ºC and washed 4x 5 min with PBS. After wash, 1-hour incubation with fluorophore 

conjugated secondary antibodies followed by 4x 5 min wash with PBS. Antifade 

mounting medium was added and tissue sections were observed under a light 

microscope at 40X and 200X magnification, respectively. Each analyzed area was 

counted for c-FOS-positive cells by manual counting by 2 different personnel and the 

average was taken.  

 

Cell culture 

GLUTag cells (generously donated by Dr. Daniel Drucker, Mt. Sinai Hospital, Toronto, 

Canada) were cultured in DMEM (4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium 

pyruvate, and 1500 mg/L sodium bicarbonate w/ 5% CO2), supplemented with 10% FBS, 

penicillin, and streptomycin. Medium was changed every 2-3 days. Cells were trypsinized 

and subcultured when ~70% confluent (~4-7 days). 

The GLUTag cells were plated into 24-well plates at 70-80% confluency and were treated 

with 40mM D-lactate overnight. After 12-18 hrs the media containing D-lactate was 

removed. The cells were primed in Krebs Ringer buffer for 1 hr and treated with glucose 



 

 

 

(10mM) and linolenic acid (200 uM). After 2 hrs, the supernatant was collected and active 

GLP-1 was measured. 

 

ELISA assays 

Active GLP-1 was measured using the GLP-1 active ELISA Kit 96-well plate using the 

protocol from Millipore Sigma. GLP-1 secretion in vitro was measured using 

chemiluminescent ELISA Kit using protocol from Millipore Sigma.  

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8 software. Body weight, total 

fat, adiposity, gut protein expression, portal GLP-1 levels and NTS c-FOS graphs were 

analyzed using One-way ANOVA. The data are presented as mean ± SEM. p < 0.05 was 

considered to be statistically significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Results 

 
Effects of HFD and OFS on body weight, fat, adiposity and protein expression in 

the SI  

To begin addressing the implications of treating HFD-fed rats with prebiotics, we first 

investigated whether OFS would lower body weight and adiposity in HFD fed rats. At the 

end of 9 weeks, HFD-fed rodents supplemented with OFS for 6 weeks had significantly 

decreased body weight compared to HFD alone (Figure 1A). A similar trend was observed 

with total fat (Figure 1B), with HFD+OFS rats showing a reduction in total fat compared to 

HFD alone after rats were sacrificed. Finally, adiposity (Figure 1C) was calculated 

(fat(g)/bodyweight(g)), and compared to chow and HFD+OFS groups, HFD-fed rats had 

significantly higher adiposity.  

Next, in these same rats, we analyzed lipid and glucose-sensing machinery in the small 

intestinal epithelium (duodenum and jejunum) in chow, HFD, and HFD+OFS rats (Figure 

1D-G). Duodenal and jejunal regions were collected and homogenized for loading 

preparation. In the duodenum (Figure 1D, E), CD36, and GPR40 were observed. We 

observed lower expression of both CD36 and GPR40 in HFD rats compared to HFD+OFS. 

In the jejunum (Figure 1F, G), it was similarly observed that HFD+OFS rats significantly 

restored CD36 expression, as well as GPR120 compared to HFD-fed rats.  

 

OFS attenuates HFD-mediated impairment of the gut-brain signaling 

To explore the gut-brain vagal axis, we measured active GLP-1 from the portal vein after 

intra-small intestinal infusion of intralipid (IL). Following IL infusion, OFS treated-HFD-rats 

had increased portal GLP-1 levels compared to HFD-fed rats, and levels were similar to 

chow-fed rats (Figure 2A). To explore the causality of the gut microbiota on this increase 

in GLP-1 secretion following OFS treatment, GLP-1 secretion was measured following a 

gut microbiota swap (Figure 2B). HFD-fed rats given the microbiota of HFD+OFS treated 

rats had a significant increase in GLP-1 secretion compared to HFD+OFS treated rats 

given the microbiota of a HFD-fed rat. 

 

Hindbrain activation increased in HFD rat when swapped with HFD+OFS 

microbiome 

To visualize brain activation via the vagal afferent nerve, expression of c-FOS indicated 

the presence of active neurons. After IL infusion for chow, HFD, and HFD+OFS, it was 

observed that HFD had significantly lower expression of c-FOS in both the left and right 

regions of the NTS and AP compared to HFD+OFS and chow controls (Figure 3A, C). To 

determine causality of the microbiome on the gut-brain axis, we performed a microbiota 

swap and repeated the experiment from Figure 2. Interestingly, when swapped with the 



 

 

 

microbiota of HFD+OFS, following IL infusion, the HFD-fed c-FOS expression in the AP 

and NTS was greater than when HFD+OFS-fed rats were swapped with HFD microbiota 

(Figure 3B, D). This indicates OFS alters small intestinal microbiota to restore small 

intestinal nutrient sensing.  

 

Glucose, Linolenic acid, D- and L-Lactate stimulates GLP-1 secretion in a dose 

dependent manner 

GLUTag cells were used as an enteroendocrine model cell line to analyze GLP-1 secretion 

in response to nutrients (Figure 4A,B). Cells were cultured on 24 well plates at 70-80% 

confluency. After 24 to 36 hours, the cells were primed for an hour in Krebs Ringer buffer 

and the various treatments were carried out. 

The cells were subjected to the respective secretagogues at increasing doses to look at 

GLP-1 secretion by measuring active levels of GLP-1 using ELISA. Glucose, linolenic acid, 

D- and L-lactate were added at various doses and incubated in Krebs Ringer buffer for 2 

hours. The cells were primed in Krebs Ringer buffer for an hour prior to the treatment. 

Glucose at 25 mM concentration significantly increased GLP-1 release when compared 

to control. Linolenic acid demonstrated a significant increase in GLP-1 secretion at 500µM.  

GLP-1 secretion for D-lactate at 10mM and 50mM were significantly increased, whereas 

there was no difference with GLP-1 secretion at 5mM and 10mM for L-lactate, though 

these levels were significantly elevated compared to 0 and 50mM.  

 

D-Lactate pretreatment increases GLP-1 secretion  

GLP-1 secretion in vitro was increased in response to linolenic acid and 

pretreatment with D-lactate compared to linolenic acid without D-lactate pretreatment 

(Figure 5A).  

 

 

 

 

 

 

 

 

 

 



 

 

 

Discussion 
Previous studies have suggested the potential benefits of prebiotic 

supplementation on obesity and metabolic syndrome in human clinical trials. Though one 

of the best strategies to manage obesity and diabetes is dietetic intervention, a 

noncompliance to these recommended dietary changes often occurs. Additionally, 

bariatric surgery is considered the most effective treatment for morbid obesity30. However, 

postoperative success is dependent upon the patient’s ability to maintain nutritional care 

and adopt new eating-related behaviors36. Prebiotics could be a successful 

supplementation for these patients in addition to diet and lifestyle alterations, as studies 

have shown that the microbiota responds positively to regular exercise39. As 

supplementation with prebiotics modulates the gut microbiota to suppress food intake, 

increase satiety, and aid in weight loss, it could serve as a safe, non-invasive therapy for 

patients to improve metabolic markers of T2D31.  

In this study, we analyzed the implications of prebiotic treatment on HFD-fed rats. 

Upon treatment with OFS after HFD feeding, body weight, adiposity, and total fat 

decreased significantly compared to untreated HFD-fed rats. The use of prebiotics to 

suppress food intake and promote appropriate satiety has been similarly shown in 

previous studies conducted in rodents29,32.  It was also found that the expression of  CD36 

and GPR40 in the duodenum and CD36 and GPR120 in the jejunum was significantly 

decreased upon HFD-feeding and restored upon prebiotic treatment with OFS, compared 

to the control chow diet, however this mechanism is not yet fully understood. Though the 

differences between expression of the proteins involved in the intestinal signaling was 

significant, a larger sample size should be investigated to show a profound and consistent 

effect. The benefits of increased small intestinal expression of CD36, GPR40, and 

GPR120, and decreased body weight, fat, and adiposity are likely due to the alterations 

of the small intestinal microbiota and the interaction of the microbial metabolites with the 

SI to release the gut peptides involved in the gut brain axis, which is ultimately reinforced 

by prebiotics.  

Given these results, we confirmed the casual relationship between the small 

intestinal microbiota and brain signaling via a small intestinal microbiota swap. We found 

that when the small intestinal microbiota of HFD+OFS-rats was given to HFD-fed rats, 

GLP-1 release was increased in addition to NTS and AP activation in response to an 

intralipid infusion. This increase in nutrient sensing and gut-brain cross talk is compared 

to the HFD-OFS treated rats that received the HFD microbiome. Our findings suggest that 

the use of prebiotic supplementation improves metabolic homeostasis, nutrient sensing, 

and promotes a gut-brain signaling pathway by directly altering the small intestinal 

microbiota.  

To further investigate the mechanism of nutrient sensing, we may explore the 

response of the gut to other types of nutrients. Previous studies have shown that the 



 

 

 

presence of Lactobacillus, one of the main producers of lactate in the small intestine, 

significantly improves nutrient sensing29. In previous studies, it was shown that prebiotic 

supplementation of OFS during HFD-feeding increased the abundance of bacteria within 

the genus Lactobacillus, close to comparable to chow-fed rats. We observed the effects 

of lactate in our enteroendocrine specific model (GLUTag), which were treated with lactate 

and demonstrated increased GLP-1 secretion in combination with linolenic acid. In our 

study, we found that the effects of lactate pretreatment on GLP-1 secretion from GLUTag 

cells in response to nutrients like glucose and linolenic acid are significant. This finding 

suggests that the metabolites produced by the microbiota may play a role in the efficiency 

of nutrient sensing for the host. Further studies could target similar metabolites produced 

by other prominent bacteria within the small intestinal community.  

Interestingly, the use of carbohydrates and fats as nutrients changes the dose-

dependent response for GLP-1 secretion. This also suggests the nutrient-specific 

receptors which regulate GLP-1 secretion from EECs are key players in this mechanism. 

Thus, shifts in the diversity of the gut microbiota are likely to contribute to the diseased 

state of the host. In a proof-of-concept exploratory study, researchers found a negative 

correlation between the presence of Akkermansia muciniphila and overweight and obesity 

in human subjects37. Thus, supplementation with these bacteria reduced obesity and 

comorbidities like glucose intolerance and insulin resistance in rodents. The use of gut-

derived bacteria as targets for prebiotic supplementation is a potential area for future 

investigation. This is the first time small intestinal gut-brain signaling has been shown to 

play a role in the beneficial effects of OFS treatment. Future studies will examine the 

specific mechanism of this relationship.  

In a previous study, D-allulose, an epimer of fructose, increased GLP-1 release 

compared to glucose and fructose33. Increased GLP-1 release increases activation of 

vagal afferent signaling and ameliorates obesity in rodent models, as previously 

investigated in this study. Behavioral changes in feeding could be further investigated with 

supplementation of this monosaccharide or other SCFA molecules.   

Additionally, GLP-1 is among several gut-peptide hormones released from EECs 

in response to nutrients, as aforementioned. Future studies will be conducted to explore 

the implications of CCK and PYY on food intake, satiety, and metabolic homeostasis. 

Interestingly, PYY has been shown to suppress food intake in both rodents and humans34. 

The role of cyclic AMP and HDAC proteins is yet another area that can be explored to 

better elucidate the underlying signaling mechanism. The relationship between PYY and 

the gut-brain axis may allow researchers to address the implications of the microbiota on 

the secretion of this hormone. Similarly, CCK has been found to influence the gut-brain 

pathway. Exogenous injection of CCK has shown to modulate expression of receptors on 

vagal afferent neurons, indicating this hormone’s key role in the regulation of food intake 

and the suppression of inflammatory pathways38. The expression of CCK and PYY in vitro 



 

 

 

and in vivo after HFD-feeding may provide more insight into the mechanism of nutrient 

sensing. 

Overall, the current works highlight the potential of prebiotic treatment to improve 

energy homeostasis likely through a microbiome-host crosstalk involving increased levels 

of bacterially-derived metabolites that could improve nutrient-sensing mechanisms. 

Further work will look to clearly define this gut-mediated metabolic pathway and highlight 

the role of small intestinal microbiota and metabolites in overall host energy homeostasis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. In Vivo Prebiotics Lower Body Weight, Fat, and Adiposity and Restore 

Nutrient Sensing Protein Expression 

(A) Body Weight. (B) Total Fat. (C) Adiposity. (D-G) Western blot of SI nutrient sensing proteins. (D) 

CD36 in Duodenum, (E) GPR 40 in Duodenum), (F) CD36 in Jejunum, (G) GPR120 in Jejunum. All 

data represent the mean ± s.e.m., *p < .05 as determined by One-way ANOVA. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 2. In Vivo Restoration of Lipid-Induced GLP-1 Secretion in Response to 

OFS Treatment  

(A) Active hepatic portal vein secretion of GLP-1 in chow, HFD, and HFD+OFS treated rats. (B) Active 

hepatic portal vein secretion of GLP-1 in HFD-fed rat microbiota replaced with HFD+OFS microbiota 

and HFD+OFS-treated rat microbiota replaced with HFD-fed microbiota. All data represent the mean ± 

s.e.m., *p < .05 as determined by One-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. In Vivo Restoration of Lipid-Induced Vagal Signaling in Response to OFS 

Treatment 

(A) c-FOS activation in the NTS of the hindbrain in chow, HFD, HFD+OFS rats. (B) c-FOS activation in 

the NTS of the hindbrain in HFD+OFS treated rats swapped with HFD-fed microbiota and HFD rats 

swapped with HFD+OFS treated microbiota. (C) Representative images of the NTS and AP regions of 

the hindbrain in chow, HFD, and HFD+OFS at 40X and at 200X. (D) Representative images of the 

NTS and AP regions of the hindbrain in HFD-fed rats given HFD+OFS microbiota and HFD+OFS 

treated rats given HFD microbiota. All data represent the mean ± s.e.m., *p < .05 as determined by 

One-way ANOVA. 
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Figure 4. In Vitro Dose-dependent GLP-1 Secretion in Response to Nutrients After 

Lactate Pretreatment 

(A) GLUTag cell secretion of GLP-1 response to 0, 0.5, 10, and 25 mM of Glucose. (B) GLUTag cell 

secretion of GLP-1 in response to 0, 50, 100, 200, and 500µM of Linolenic acid. (C) GLUTag cell 

secretion of GLP-1 in response to 0, 5, 10, and 50 mM of D-Lactate. (D) GLUTag cell secretion of 

GLP-1 in response to 0, 5, 10, and 50 mM of L-Lactate.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. GLP-1 Secretion in Response to Glucose or Linolenic acid and D-Lactate 

Pretreatment 

(A) GLP-1 secretion in response to Glucose, Linolenic acid, and pretreatment or no pretreatment with 

D-Lactate. All data represent the mean ± s.e.m., *p < .05 as determined by One-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

References 

 

1. National Vital Statistics Reports. Center for Disease Control. Available from: 

https://www.cdc.gov/nchs/data/nvsr/nvsr68/nvsr68_09-508.pdf. (Accessed: 19 

February 2020). 

2. Hales, C. M., Carroll, M. D., Fryar, C. D., Ogden, C. L. Prevalence of Obesity and 

Severe Obesity Among Adults: United States, 2017-2018. NCHS Data Brief, no. 

360. 2020. National Center for Health Statistics.  

3. Kelly, T., Yang, W., Chen, C. S., Reynolds, K., He, J. Global burden of obesity in 

2005 and projections to 2030. International Journal of Obesity. 2008. 32, 1431-

1437.   

4. Bailey, C. J. Metformin: Historical Overview. Diabetologia. 2017. 60(9): 1566-1576.  

5. Bauer, P. V., Duca, F. A. Targeting the gastrointestinal tract to treat type 2 

diabetes. Journal of Endocrinology. 2016.  230(3): R95-R113.  

6. Cote, C. D., Zadeh-Tahmasebi, M., Rasmussen, B. A., Duca, F. A., Lam, T. K. T. 

Hormonal Signaling in the Gut. Journal of Biological Chemistry. 2014. 289 (17): 

11642-11649.  

7.  Golbidi, S., Daiber, A., Korac, B., Li, H., Essop, M. F., Laher, I. Health Benefits of 

Fasting and Caloric Restriction. Curr Diab Rep. 2017. 17(12):123. 

8. Duan, Y., Zeng, L., Zheng, C., Song, B., Li, F., Kong, X., Xu, K. Front Immunol. 

2018. 9:2649 

9. Stevens, G. A, et al. National, Regional, and Global Trends in Adult Overweight 

and Obesity Prevalences. Popul Health Metr. 2012. 10(1):22. 

10. Clemente, J. C., Ursell, L. K., Parfrey, L. W., Knight, R. The Impact of the Gut 

Microbiota on Human Health: An Integrative View. Cell. 2012. 148(6): 1258-1270. 

11. Zhang, M., Yang, X. Effects of a High Fat Diet on Intestinal Microbiota and 

Gastrointestinal Diseases. World J Gastroenterol. 2016. 22(40): 8905-8909. 

12. Collins, J. T., Badireddy, M. Anatomy, Abdomen and Pelvis, Small Intestine. 

StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing. 2020. Available 

from: https://www.ncbi.nlm.nih.gov/books/NBK459366/. (Accessed: 3 March 

2020).  

13. Azad, M. A. K., Sarker, M, Li, T., Yin, J. Probiotic Species in the Modulation of Gut 

Microbiota: An overview. Biomed Res Int. 2018: 9478630.  

14. Murphy, E. A., Velazquez. K. T., Herbert, K. M. Influence of High-Fat-Diet on Gut 

Microbiota: A Driving Force for Chronic Disease Risk. 2016. Curr Opin Clin Nutr 

Metab Care. 18(5): 515-520.  

15. Efeyan, A., Comb, W. C., Sabatini, D. M. Nutrient-sensing mechanisms and 

pathways. Nature. 2015 Jan 15;517(7534):302-310 



 

 

 

16. Zietek, T. Daniel, H. Intestinal Nutrient Sensing and Blood Glucose Control. Curr 

Opin Clin Nutr Metab Care. 2015. 18(4): 381-388.  

17. Kaelberer, M., Buchanan, K. L., Klein, M. E., Barth, B. B., Montoya, M. M., Shen, 

X., Bothorquez, D. V. 2018. A gut-brain neural circuit for nutrient sensory 

transduction. 361(6408).  

18. Kuhre, R. E., Albrechtsen, N. J. W., Deacon, C. F., Balk-Moller, E., Rehfeld, J. F., 

Reimann, F., Gribble, F. M., Holst, J. J. Peptide Production and secretion in 

GLUTag, NCI-H716, and STC-1 cells: a comparison to native L-cells. Journal of 

Molecular Endocrinology. 2016. (56)3: 201-211.  

19.  Brahe, L. K., Astrup, A., Larsen, L. H. Is butyrate the link between diet, intestinal 

microbiota and obesity-related metabolic diseases? Obes Rev. 2013. 14(12): 950-

955.  

20. Lehmann, A., Hornby, P. J. Intestinal SGLT1 in Metabolic Health and Disease. Am 

J Physiol Gastrointestin Liver Physiol. 2016. 10(11):G887-898.  

21.  Zietek, T. Daniel, H. Intestinal Nutrient Sensing and Blood Glucose Control. Curr 

Opin Clin Nutr Metab Care. 2015. 18(4): 381-388. 

22. Pepino, M. Y., Kuda, O., Samovski, D., Abumrad, N. A. Structure-Function of CD36 

and Importance of Fatty Acid Signal Transduction in Fat Metabolism. Annu Rev 

Nutr. 2015. 34: 281-303.  

23. Gibble, F. M., Reimann, F. Function and mechanisms of enteroendocrine cells and 

gut hormones in metabolism. Nat Rev Endocrino. 2019. 15(4): 226-237. 

24. Bonaz, B., Bazin, T., Pellissier, S. The Vagus Nerve at the Interface of the 

Microbiota-Gut-Brain Axis. Front Neurosci. 2018. 12:49.  

25. Andersen, A., Lund, A., Knop, F. K., Vilsoboll, T. Glucagon-like Peptide 1 in Health 

and Disease. 2018. Nat Rev Endocrinol. 14(7): 390-403.  

26. Sun, L., Li, J., Nie, Y. Gut hormones in microbiota-gut-brain cross-talk. 2020. Chin 

Med J. 133(7): 826-833. 

27. Bauer, P. V., Duca, F. A., Waise, T. Z., Dranse, H. J., Rasmussen, B. A., Puri, A., 

Rasti, M., O’Brien, C. A., Lam, T. K.T. Lactobacillus gasseri in the Upper Small 

Intestine Impacts an ACSL3-Dependent Fatty Acid-Sensing Pathway Regulating 

Whole-Body Glucose Homeostasis. Cell Metab. 2018.. 27(3): 572-587.  

28. Davani-Davari, D., Negahdaripour, M., karimzadeh, I., Seifan, M., Mohkam, M., 

Masoumi, S. J., Berenjian, A., Ghasemi, Y. Probiotics: Definition, Types, Sources, 

Mechanisms, and Clinical Applications. Foods. 2019. 8(3): 92.  

29. Bauer, P. V., Duca, F. A., Waise, T.M. Z., Puri, A., O’Brien, C. A., Lam, T. K.T. 

Metformin Alters Upper Small Intestinal Microbiota that Impact a Glucose-SGLT1-

Sensing Glucoregulatory Pathway. Cell Metabolism. 2018. 27(1):101-117. 

30. Dagan, S. S., Goldenshluger, A., Globus, I., Schweigger, C., Kessler, Y., 

Sandbank, G. K., Ben-Porat, T., Sinai, T. Nutritional Recommendations for Adult 



 

 

 

Bariatric Surgery Patients: Clinical Practice. Adv Nutr. 2017. 8(2): 382-

392intestinal epithelium controls diet-induced obesity. PNAS. 2013. 110(22): 

9066-9071. 

31. Cerdo, T., Garcia-Santos, JA., Bermudez, M. G., Campoy, C. Role of Probiotics 

and Prebiotics in the Prevention and Treatment of Obesity. Nutrients. 2019. 11(3). 

32. Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., 

Guiot, Y., Derrien, M., Muccioli, G. G., Delzenne, N. M., de Vos, W. M., Cani, P. 

D. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls 

diet-induced obesity. PNAS. 2013. 110(22): 9066-9071.  

33. Iwasaki, et al. GLP-1 Release and Vagal Afferent Activation Mediate the Beneficial 

Metabolic and Chronotherapeutic Effects of D-allulose. Nat Commun. 2018. 

9(1):113.  

34. Le Roux, C. W., Bloom, S. R. Peptide YY, Appetite and Food Intake. Proc Nutr 

Soc. 2005. 64(2): 213-216.  

35. Powley, T. L., Spaulding, R. A., Haglof, S. A. Vagal Afferent Innervation of the 

Proximal Gastrointestinal Tract Mucosa: Chemoreceptor and Mechanoreceptor 

Architecture. J Comp Neurol. 2014. 519(4): 644-660.  

36. Wagner, N. R. F., Zaparolli, M. R., Cruz, M. R. R., Schieferdecker, M. E. M., 

Campos, A. C. L. Postoperative Changes in Intestinal Microbiota and Use of 

Prebiotics in Roux-En-Y Gastric Bypass and Sleeve Vertical Gastrectomy: An 

Integrative Review. Arg Bras Cir Dig. 2018. 31(4): e1400. 

37. Denommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieria-Silva, S., 

Falony, G., Raes J., Maiter, D., Delzenne, N. M., de Barsy, M., Loumaye, A., 

Hermans, M. P., Thissen, J. de Vos, W. M., Cani, P. D. Supplementation with 

Akkermansia muciniphila  in overweight and obese human volunteers: a proof-of-

concept exploratory study. Nat Med. 2019. 25: 1096-1103.  

38. Raybould, H. E. Mechanisms of CCK Signaling from Gut to Brain. Curr Opin 

Pharmacol. 2009. 7(6): 570-574.  

39. Monda, V., Villano, I., Messina, A., Valenzano, A., Esposito, T., Moscatelli, F., 

Viggiano, A., Cibelli, G., Chieffi, S., Monda, M., Messina, G., Oxid Med Cell 

Longev. 2017.  


