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Abstract

Background: Aging is associated with gut dysbiosis, low-grade inflammation, and increased risk
of type 2 diabetes (T2D). Prediabetes, which increases T2D and cardiovascular disease risk, is
present in 45-50% of mid-life adults. The gut microbiota may link ultra-processed food (UPF)
with inflammation and T2D risk.
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Methods: Following a 2-week standardized lead-in diet (59% UPF), adults aged 40-65 years

will be randomly assigned to a 6-week diet emphasizing either UPF (81% total energy) or
non-UPF (0% total energy). Measurements of insulin sensitivity, 24-h and postprandial glycemic
control, gut microbiota composition/function, fecal short chain fatty acids, intestinal inflammation,
inflammatory cytokines, and vascular function will be made before and following the 6-week
intervention period. Prior to recruitment, menus were developed in order to match UPF and
non-UPF conditions based upon relevant dietary factors. Menus were evaluated for palatability and
costs, and the commercial additive content of study diets was quantified to explore potential links
with outcomes.

Results: Overall diet palatability ratings were similar (UPF = 7.6 + 1.0; Non-UPF = 6.8 £ 1.5;
Like Moderately = 7, Like Very Much = 8). Cost analysis (food + labor) of the 2000 kcal menu
(7-d average) revealed lower costs for UPF compared to non-UPF diets ($20.97/d and $40.23/d,
respectively). Additive exposure assessment of the 2000 kcal UPF diet indicated that soy lecithin
(16x/week), citric acid (13x/week), sorbic acid (13x/week), and sodium citrate (12x/week) were
the most frequently consumed additives.

Conclusions: Whether UPF consumption impairs glucose homeostasis in mid-life adults is
unknown. Findings will address this research gap and contribute information on how UPF
consumption may influence T2D development.

Keywords

Ultra-processed food; Gut dysbiosis; Inflammation; Insulin resistance; Type 2 diabetes; Vascular
function

Background

Advancing age is associated with a low-grade chronic inflammation (i.e., inflammaging) [1]
that is associated with increased risk of chronic conditions [2], including type 2 diabetes
(T2D) [3-5] and cardiovascular disease (CVD). Inflammaging, characterized by elevated
levels of pro-inflammatory cytokines in middle age and beyond, is associated with a
progressive reduction in whole-body insulin sensitivity, which is the primary contributor

to age-related glucose intolerance [6,7]. In addition, B-cell function and insulin secretion
also decline with aging [8].

The gut microbiota is increasingly recognized as having a pivotal role in health and disease
[9]. Microorganisms inhabit the gut and form a complex community that interact with each
other and its host [10,11]. The gut microbiota is shaped by host genetics and environment;
the latter playing a dominant role. Dysbiosis of the gut microbiota, characterized as adverse
changes in the abundance and/or composition of gut microbes, has been implicated in

the pathophysiology of a number of chronic diseases including colitis [12], metabolic and
cardiovascular diseases [13]. Inflammaging is believed to be a consequence, at least in part,
to changes in gut microbiota compaosition and function.

Ultra-processed foods (UPF) contribute ~60% of total energy in the US diet [14,15]. UPF
consumption (based upon the NOVA system [15-17]) is associated with numerous adverse
effects [18,19], including weight gain [20], obesity [21,22], increased cardiometabolic
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disease risk [23-25], and all-cause mortality [26]. NOVA (not an acronym) classifies foods
into one of four groups based upon their degree of commercial processing: unprocessed or
minimally processed, processed culinary ingredients, processed foods, and ultra-processed
foods. A recent observational study in humans linked processed food intake with intestinal
inflammation [27]. UPF components linked to alterations in the gut microbiota and
increased intestinal inflammation include emulsifiers and non-nutritive sweeteners (NNS),
although human in vivo research is sparse [28]. These and other UPF components which
may impact gut microbial composition/function have been implicated in accelerating age-
related diseases [29].

To date, only one randomized trial has tested a causal relationship between UPF and health.
Hall et al [30] reported an increased energy intake (508 + 106 kcal/d) in adults aged 31.2

+ 1.6 years on a high UPF diet (81% UPF; based on NOVA), resulting in ~1 kg weight

gain in 2 weeks. This study provides insight into the impact of UPF on energy intake but no
information on the gut microbiota was included. Although there was no consistent negative
impact of high UPF intake on cardiometabolic risk factors, the inclusion of 3 daily 20-min
cycling bouts may have negated the effect of UPF.

The identification of risk factors that could be targeted in mid-life is an important
biomedical research priority, as this age group represents the growing number of Americans
older than age 65 in the next two decades. The impact of UPF on glucose homeostasis

and vascular function in mid-life adults has not been studied, despite the prevalence of
nutrition-related chronic disease increasing with age [31] and association of UPF with
adverse outcomes. This article will describe the study design and methods of a controlled
feeding trial investigating the influence of UPF consumption on T2D risk and vascular
function. Results of activities undertaken prior to recruitment are presented. This research
will fill an important void in understanding the links between dietary behaviors and glucose
homeostasis in mid-life.

2. Aims and hypotheses

The objective of this trial is to establish proof-of-concept for impairment in glucose
homeostasis following increases in UPF consumption in mid-life adults. Our primary

aim is to determine the influence of UPF consumption on insulin sensitivity and 24-h
glycemic control in mid-life adults. We hypothesize that consumption of a UPF-rich diet
will impair insulin sensitivity and 24-h glycemic control in mid-life adults. Our secondary
aims are to determine the influence of UPF on gut microbial composition and function,

fecal short chain fatty acids (SCFA), intestinal inflammation and permeability, serum
endotoxin concentrations, inflammatory cytokines, flow-mediated dilation, and arterial
stiffness in mid-life adults. We hypothesize that consumption of a UPF-rich diet will

reduce gut microbial diversity and butyrate-producing bacteria, reduce SCFA, increase
intestinal inflammation, permeability, endotoxin and inflammatory cytokines concentrations,
and adversely affect vascular function. We further hypothesize that changes in gut microbial
composition and function, fecal SCFA, intestinal inflammation and permeability, endotoxin,
and inflammatory cytokine concentrations with UPF consumption will be correlated with the
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magnitude of change in glucose homeostasis in these individuals. This trial is registered at
ClinicalTrials.gov (NCT05358171).

3. Study design and methods

3.1. Overview

The study will utilize a randomized parallel-group design (Fig. 1). Following a 2-week
eucaloric (i.e., weight maintenance) lead-in diet, mid-life adults (40-65 years) will be
randomly assigned to a 6-week eucaloric diet emphasizing UPF (81% UPF) or containing
no UPF (0% UPF). The 6-week duration was selected based upon previous studies which
reported changes in glucose/insulin homeostasis after diet interventions of 1-5 weeks in
mid-life adults, preliminary work from a previous study conducted by our group that
utilized a 6-week controlled feeding period, and observations of changes to gut microbial
composition/function with dietary intervention of similar duration. To enhance rigor, the
study diet composition will be verified by chemical analysis. Measurements of insulin
sensitivity, 24-h and postprandial glycemic control using continuous glucose monitoring
(CGM), gut microbiota composition/function, fecal SCFA, intestinal inflammation, intestinal
permeability, serum endotoxin, inflammatory cytokines, flow-mediated dilation, and arterial
stiffness will be made before and in the final week of the 6-week intervention period.

3.2. Participants and randomization

Eligible individuals will be aged 40-65 years, weight stable, body mass index (BMI < 35
kg/m?2), sedentary to recreationally active, nondiabetic, and willing to comply with study
procedures. To participate, individuals must not have major gastrointestinal disorders or
special dietary needs/restrictions, and they must be willing and able to consume all study
foods. Randomization will be stratified by age (40 to <55 y; 55 to <65 y), sex (male/female),
and BMI (<30 kg/m?; 30 to <35 kg/m?2) under the supervision of an individual not involved
in data collection or analysis. Separate randomization schemes for sex by age and BMI will
be employed to ensure equal numbers are assigned to each group.

3.3. Controlled diet design

Prior to recruitment, study diets were designed and evaluated. Participants will be

fed a eucaloric diet (50% carb, 35% fat, 15% protein [10% animal/5% plant]) [32]
controlled for potential confounding nutritional factors (i.e., fiber; added sugars; mono-

& poly-unsaturated fats, saturated fat; sodium; glycemic index and load, and overall diet
quality [Healthy Eating Index [HEI]-2015 [33]]). None of the diets contain non-Nutritive
Sweeteners (NNS) due to uncertainty about their effects on the gut microbiota and glucose
homeostasis [34]. Soluble (2 g/1000 kcal/d) and total dietary fiber (8 g/1000 kcal/d) will be
similar to US averages [35-37]. Intake of added sugars, saturated fat, sodium, and overall
diet quality [38] will be comparable to US averages [32,39]. The 2-wk lead-in diet contains
59% energy from UPF, consistent with the US average [14]. The 6-wk UPF diet contains
81% of energy from UPF, and the 6-wk diet containing no UPF (Non-UPF) contains 0%
UPF [15,16,30]. NOVA classifications [15,16] will be determined manually using food
labels and Nutrition Data Systems for Research (NDSR) 2022 Component/Ingredient output
files (NDSR, Nutrition Coordinating Center, University of Minnesota).
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First, menus were developed to meet the daily energy, UPF content, and nutrient values
expected for each kcal level using NDSR, yielding 84 daily menus and three modules. The
optional snack modules are used to provide extra snacks matched to the content of the total
diet if needed due to changes in physical activity level or if the participant’s estimated
energy needs are between two kcal levels (e.g., 1750 kcal). Accepted variations were + 5 g
of the daily targeted amount for macronutrients and £+ 1 g of the daily targeted amount for
soluble fiber. Subsequently, a list of available food items from local grocery stores or online
vendors was developed to match the NDSR menu items. The nutrient label information

for each food item was used to determine NOVA classification, and the product’s nutrient
content was used to verify consistency with the menu item in the NDSR database. For the
non-UPF diets, recipes were identified to provide homemade alternatives for commercial
baked goods, such as bread, muffins, waffles, and buns. Recipes were entered into NDSR to
provide detailed nutrient composition information for homemade items. A research dietitian
reviewed the menus to verify that the daily targets were achieved. Sample menus are
presented in Table 1, and images of the meals and snacks are provided in Supplemental
Figs. 2-4. Daily menu targets and the 7-day average of the standardized lead-in, UPF, and
Non-UPF diets at the 2000 kcal level are in Tables 2-4.

Diets will be prepared in the Metabolic Kitchen and Dining Laboratory at Virginia Tech by
ServSafe-certified research assistants, and consist of a 7-d menu cycle with 3 meals and one
snack. Participants will eat a supervised breakfast in the laboratory and take the remaining
meals with them. Uneaten items will be returned and re-weighed to calculate compliance (g
food consumed/g food provided). Trends of >1.5 kg weight loss/gain will be countered by
the addition/subtraction of 250 kcal modules with a composition similar to the diet [40,41].

3.3.1. Palatability testing—After menu development, meal and snack palatability were
assessed using the adapted United States Department of Agriculture (USDA) Sensory
Evaluation Form [42]. Meals and snacks were rated on a 1-9 scale (1 = Dislike Extremely;

9 = Like Extremely). Overall acceptability ratings were similar between diets (Standardized
lead-in diet: 7.7 £ 0.7; UPF diet: 7.6 + 1.0; Non-UPF diet: 6.8 + 1.5;), corresponding to Like
Moderately (7)/Like Very Much (8).

3.3.2. Menu cost analysis—Cost analysis using local food costs (June/July 2023)
determined that the daily average foods cost of the 2000 kcal UPF and Non-UPF menus
were similar at $9.72 and $10.23, respectively. However, the Non-UPF diet requires
significantly more preparation time/staff labor. When factoring in labor at $15/h, the UPF
diet was about 50% less costly (Total costs: UPF = $20.97/day; Non-UPF = $40.23/day).

3.3.3. Commercial food additive analysis—The commercial additive content (i.e.,
frequency of exposure) of the study diets was quantified to enable the investigation of
potential causal links with study outcomes [43]. Additives were classified using Codex
Alimentarius [44] and determined using labels for foods in the 59% UPF and 81% UPF
menus. The 0% diets contain no commercial additives. Table 5 provides the frequency of
commercial additive exposure for a week of the 59% UPF and 81% UPF 2000 kcal menus.
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3.4. Controlled diet delivery

To provide a eucaloric diet for each participant, estimated energy needs are determined using
the Mifflin-St. Jeor Equation [45] and self-reported physical activity information collected at
the screening visit. Body weight will be monitored daily prior to breakfast to ensure weight
stability. Trends of changes in body weight over 2 to 3 days (=1.5 kg) are countered by the
addition/subtraction of 250 kcal food modules or a change in dietary energy level.

Participants will have daily breakfast supervised, except for on Sundays when all meals are
provided in advance on Saturday. The remaining meals and snacks for the day are given to
the participant in a portable cooler. Any uneaten items are returned the following morning
and reweighed. The total gram weight of food provided vs total grams consumed will be
used as the indicator of dietary compliance. To be included in data analysis, participants
must achieve >95% adherence on the controlled diet.

3.5. Chemical analysis

The actual nutrient content of the diets will be documented by chemical analysis in the

Food Analysis Laboratory Control Center at Virginia Tech. For each diet (UPF, Non-UPF),
an extra set of meals and snacks for each daily menu, prepared as they will be consumed

by participants, will be assembled and frozen. Homogenized 7-d diet cycle composites will
be prepared. Subsamples will be analyzed using established protocols [46]. The following
nutrients will be analyzed in the composites, using validated standard methods and quality
control measures employed in the generation of data for the USDA national nutrient
database [47] and to validate diet composition [48-53]: Proximates (moisture, nitrogen, total
fat, ash, yielding calculated energy, protein, total carbohydrates by difference), dietary fiber
(McCleary enzymatic-gravimetric method [54] yielding soluble, insoluble, low molecular
weight soluble fiber; total fiber by traditional enzymatic-gravimetric analysis [55]), elements
(sodium, potassium, calcium, magnesium, phosphorus, iron, copper, manganese, zinc)

by Inductively Coupled Plasmas (ICP) [56], selenium by ICP-Mass Spectrometry [57],

fatty acids (saturated, mono- and polyunsaturated, trans, major individual fatty acids) by
Gas Chromatography-Flame lonization Detection [58]. Sugars (glucose, fructose, sucrose,
lactose, maltose) [59], carotenoids [60], tocopherols and tocotrienols [61], and vitamin

C will be quantified by High Performance Liquid Chromatography [62]. Additional
subsamples will be stored (=80 °C) to preserve nutrient stability [63—-65] for future analysis
of other bioactive components or additives.

3.6. Participant recruitment, screening, and testing procedures

Recruitment will take place continuously over a 2-year period. Recruitment strategies will
include flyers, ads in university-run List-servs, in-person presentations to campus and
community groups, and social media. Interested individuals complete an online prescreening
survey to evaluate basic eligibility criteria (age, physical activity, reported height/weight,
medication use). Those who meet eligibility criteria (Supplemental Table 6) will be emailed
the informed consent document and a study food list to verify the absence of food allergies/
aversions.
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During screening, eligibility will be determined based on health history, body mass index,
blood chemistries (including fasting glucose, HbAlc, plasma lipids, and lipoproteins), and
blood pressure (BP). In addition, a 2-h oral glucose tolerance test (OGTT) will be conducted
with blood draws at 0 and 120 min to confirm participants do not have T2D. To confirm
willingness and ability to consume all study foods, participants will be given a detailed list
of all study foods to review.

Following the screening phase, participants will commence the two-week lead-in diet (59%
UPF). During the second week of lead-in, baseline data collection will occur. Participants
will wear a CGM and a physical activity monitor for 7 days to assess baseline glycemic
variability and physical activity (PA). At the end of lead-in, participants will complete
2-day urine and 3-day fecal collections. Participants will also complete a comprehensive 2-h
OGTT with blood draws at 0, 30, 60, 90, and 120 min for measures of glucose, HbAlc,
insulin, serum lipid and lipoproteins, and inflammatory biomarkers. Lastly, participants will
undergo measurements arterial stiffness brachial artery function and body composition.

To evaluate the effects of the controlled diet intervention period, all baseline measures are
repeated during the final week of the intervention. Details on these measures are described
below, and the schedule of study assessments is presented in Supplemental Fig. 5.

Description of study assessment procedures

3.7.1. Health history—A health history questionnaire will be completed at screening

to confirm eligibility. Premenopausal females will be queried regarding menstrual cycle
phase using a menstrual cycle calendar at two time-points (week 2 and week 8 of controlled
feeding). An infection/inflammation questionnaire will be completed during screening and
during days that fecal samples are collected. Individuals reporting infection/inflammation in
the prior 2 weeks will be rescheduled when symptom-free for 2 weeks.

3.7.2. Body mass and composition and energy requirements—Height and body
mass (to the nearest 0.1 kg) will be measured using a stadiometer and digital scale
(Scale-Tronix 5002, Welch Allyn Inc., Skaneateles Falls, NY). Body mass index will be
calculated (kg/m2). Body composition will be measured via DEXA (GE Lunar iDXA)

will be completed during the screening period, baseline data collection period, and post-
intervention. Premenopausal females provide a urine sample for a pregnancy test prior to the
DEXA scan.

3.7.3. Blood chemistries—Fasting plasma glucose, HbAlc, serum lipid and
lipoproteins, and inflammatory biomarkers will be measured from blood collected at

Time 0 during the baseline and post-intervention OGTT. Serum lipid and lipoproteins are
measured in a Clinical Laboratory Improvement Amendments (CLIA)- certified laboratory
(Labcorp, Roanoke, VA). Inflammatory cytokines including tumor necrosis factor-alpha,
interleuken-6, and monocyte chemoattractant protein—1 will be measured by enzyme-linked
immunosorbent assay (American Diagnostica, Inc). Serum endotoxin will be assessed using
the PyroGene Recombinant Factor C assay (Lonza, Basel, Switzerland) [66,67].
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3.7.4. Blood pressure—Resting blood pressure will be measured via an automated
sphygmomanometer (OMRON HEM-907, city state) according to American Heart
Association (AHA) guidelines [68]. Participants arrive at the lab after an overnight fast,
while withholding caffeine. After a 15-min seated rest period, three to six BP readings
will be taken and the average BP will be calculated. Blood pressure will be assessed at

3 timepoints: during each OGT at screening and at baseline and post-intervention testing
sessions.

3.7.5. Physical activity—Physical activity (PA) will be recorded by having each
individual wear an accelerometer (WGT3X-BT, Actigraph Inc.) on their non-dominant wrist
for 7 days during the last week of the lead-in and intervention diets [41] to document
unchanging PA. Participants are instructed not to change their habitual PA.

3.7.6. Dietary intake—Habitual dietary intake will be assessed during screening by
collecting three unannounced 24-h dietary recalls, for 1 weekend day and 2 weekdays
[41,69]. Participants will be instructed on procedures for estimating portion size using

2D food models [70]. Recall forms and dietary analysis results (NDSR 2022, Univ. of
Minn. Coord. Center) will be used to determine habitual total energy intake, macronutrient
composition, and usual UPF intake [15,16].

3.7.7. Glucose control—Oral glucose tolerance will be assessed in response to a 75

g glucose load. During the screening OGTT, blood glucose will be measured at baseline

(0 min) and 120 min post-glucose beverage consumption. During lead-in baseline and
post-intervention testing sessions, OGTT blood samples will be collected every 30 min

(0, 30, 60, 90, 120 min). Glucose tolerance, insulin sensitivity [71], and -cell function

will be calculated from concentrations of glucose (Hemocue Glucose 201, Brea, CA),
insulin, and c-peptide (high-sensitivity ELISA, R&D Systems) [72]. Glucose and insulin
area under the curve (AUC) will be calculated using the trapezoidal method. Homeostasis
Model of Assessment of Insulin Resistance (HOMA-IR) will be calculated as a surrogate for
hepatic insulin sensitivity [73]. Insulin clearance will be estimated using the ratio of fasting
C-peptide/insulin concentrations. 24-h and postprandial glycemic control will be assessed
using a continuous glucose monitor (CGM) (Lifestyle Libre Pro, Alameda, CA) inserted
into the back of the upper arm, and free-living glycemia will be assessed for 6 days during
the last week of the lead-in and intervention diets. The 24-h incremental area under the
curve (AUC) will be the primary CGM outcome. Mean 24-h glucose, glycemic variability,
time infout of range, and 2-h postprandial glucose responses will be calculated according to
recent recommendations [74]. Only recordings with the CGM active for at least 70% of the
total time will be used [74].

3.7.8. Urinalysis—Urine will be collected for 48 h at baseline and post-intervention
sessions for assessment of urinary sodium, potassium, phosphorus, albumin, creatinine,
and nitrogen. Urine containers and instructions will be provided to participants during the
second week of the lead-in diet and during the final week of the controlled feeding period.
Participants will return urine containers in biohazard coolers with freezer packs to keep the
urine cold/refrigerated.
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3.7.9. Gut microbiome DNA and SCFA—Fecal samples are collected daily during the
final 3 days during the lead-in and intervention periods. Samples are saved in sterile plastic
containers and frozen (—80 °C) within 24-48 h of collection until final processing and
analysis. Fecal samples are homogenized and total bacterial DNA will be extracted using
Qiagen PowerSoil kit (Qiagen, Germantown, MD). Bacterial 16S ribosomal RNA will be
amplified using field-standard barcoded primers [75] and amplicons will be sequenced using
an Illumina MiSeq. The resulting sequence data will be preprocessed using the QIIME2
platform [75] and bacteria identified using the DADAZ2 software package [76]. Statistics
associated with diet treatment will be performed using linear models implemented with the
Ime4 package in R and the ImerTest package to generate pvalues. A mixed-effects model
will be used by including a random intercept term (1 | ID) in the model formula within the
Imer() function to account for repeated sampling. Short-chain fatty acid concentrations will
be measured via gas chromatography with a flame ionizing detector using reported protocols
[77]. Intestinal inflammation will be assessed using fecal calprotectin, lactoferrin, and
lipocalin-2, measured using ELISA [78-81]. Intestinal permeability will be assessed using
serum zonulin (Immunodiagnostik AG, Bensheim, Germany) concentrations via ELISA
[82,83].

3.7.10. Arterial stiffness and brachial artery function—Participants will report to
the laboratory after an overnight fast and without having performed any vigorous physical
activity for the past 48 h. Participants will lie on a hospital bed for 10 min before having
their blood pressure and heart rate measured three times using an automated oscillometric
blood pressure Omron HEM 907XL (OmronHealth care Inc., West Field Court Lake Forest,
IL, USA). Endothelial function will be assessed using the Flow-Mediated Dilation (FMD)
technique. Brachial artery FMD will be assessed with duplex ultrasonography (GE Logiq E,
GE Healthcare, WI) using a high-resolution linear array transducer (with stereotaxic holder)
according to published guidelines and recommendations [84,85]. Reactive hyperemia will
be produced by inflation of a pediatric blood pressure cuff placed around the participant’s
forearm for 5 min and endothelium vasodilation will be assessed by measuring the diameter
of the artery for 2 min following deflation of the pediatric cuff. Endothelium independent
vasodilation (EID) will be assessed by measuring the diameter of the brachial artery for

5 min following administration of 0.4 mg of sublingual nitroglycerine. Edge detection
software (Vascular Analysis Tools, Medical Imaging Applications, Inc) will be used to
analyze baseline and post-reactive hyperemic diameters of the brachial artery of the
participant. FMD and EID are expressed as mm and % change from the baseline diameter of
the brachial artery. Arterial stiffness will be measured by calculating the carotid-femoral
pulse wave velocity (C-F PWV) from tonometry waveforms (NIHem, Cardiovascular
Engineering, Inc., Norwood, MA) and body distances (distances of the carotid and femoral
pulse recording site to the suprasternal notch).

3.8. Statistical analysis and power calculation

Intention-to-treat will be the primary analytic approach. Effects on primary/secondary
outcomes will be assessed using mixed-effect linear models to estimate treatment differences
between diet conditions. Exploratory path analysis with multiple mediators will be utilized
to understand mechanisms of change and estimate effect sizes. Covariates will be included
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to control for baseline group differences, if any. With a 2 x 2 design and a = 0.05, we will
have >80% power to detect significant diet intervention condition differences for effect size
(Cohen’s #) as small as 0.25 and change in insulin sensitivity of 20 + 32% with a minimum
sample of 7= 17/group [86]. Links between additive exposures and study outcomes will be
explored [43].

4. Discussion

Middle-aged adults are at increased risk for glucose intolerance, T2D, and cardiovascular
diseases. Ultra-processed food consumption is associated with an increased risk of T2D and
CVD even after controlling for overall diet quality [25]. A 10% increase in UPF intake

is associated with a 15% and 13% increase in risk of T2D and coronary heart disease,
respectively. To date, no experimental trials have evaluated the impact of UPF on glucose
homeostasis or vascular function in mid-life adults.

UPF consumption may result in a gut microbiota with a low abundance of SCFA-producing
bacteria, increased intestinal inflammation and permeability [87]. Compared to the
Bacteriodetes-rich microbiota associated with foraging and agriculture, the UPF-microbiota
has a lower microbial diversity, which could contribute to immune system changes

that lead to chronic inflammation and associated disease risk. Shifts in gut microbiota

with industrialization are associated with an increased abundance of Bacteroidaceae

and Verrucomicrobia, reduced SCFA production, reduced barrier function, and increased
colonization resistance [87].

Numerous components of UPF could mechanistically link UPF consumption with
inflammation and T2D risk. Emulsifiers (e.g., polysorbate 80 [P80], carboxymethylcellulose
[CMC]) are widely present in our food supply, including UPF [88]. Evidence from ex

vivo, animal, and preclinical studies suggest that emulsifier exposure alters microbiota
composition and initiates a cascade of events leading to intestinal inflammation and
impaired glycemic control. Chassaing et al [89] reported that P80 and CMC altered
microbial gene expression related to flagella expression in a simulator of the human
intestinal microbial ecosystem. Transferring these emulsifier-treated microbiotas to germ-
free mice increased Proteobacteria and Enterobacteriacae and decreased Bacteroidaceae,
increased lipopolysaccharide and flagellin, and induced chronic low-grade inflammation.
Treatment of mice with these emulsifiers reduced mucous thickness, increased microbial
encroachment and intestinal inflammation, and impaired glycemic control [90]. Fecal
samples fermented with P80 reduced microbial diversity, bifidobacterial abundance,
fermentation capacity, and SCFA production [91]. Recent evidence extends these findings
to a wider variety of commonly-used commercial additives/emulsifiers [43]. Increased
intestinal permeability was reported in rodents exposed to a thermally-processed diet, which
generated advanced glycation end products (common in UPF) [92]. Human clinical studies
are needed to understand the implications of these findings.

UPF are becoming increasingly recognized as a contributing factor to the development of
major chronic diseases and are now addressed in the American Heart Association guidelines
[93], the American Cancer Society guidelines [94], and the American Diabetes Association
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Consensus Report [95]. The USDA Dietary Guidelines for Americans do not address the
potential adverse health effects of a high UPF diet [96]. Our study may contribute to

an evidence base needed to inform guidelines which do not currently address total UPF
consumption due to a lack of rigorously-designed trials.

5. Strengths and limitations

This trial uses a controlled feeding design with diets matched for potential confounding
dietary factors, which is a major strength. A 2-week standardized diet lead-in period is
included to minimize baseline differences in habitual diet and the gut microbiota [70,97,98].
Although a crossover design was considered, the lack of human clinical evidence [70] and
uncertainty of how long-lasting possible effects of UPF and/or commercial additives on the
gut microbiota [43] or glucose tolerance may be, it is difficult to determine the duration

of an adequate washout period (a limitation in existing studies [97]). Participant burden,
retention, dietary compliance, and carryover effects may also be problematic with more
lengthy controlled feeding periods [98,99]. Previous studies indicate changes in glucose/
insulin homeostasis after diet interventions of 1-5 weeks in mid-life adults [100,101] and
observations of changes to gut microbial composition/function with dietary intervention of
similar duration [97]. For these reasons, a parallel design and a 6-week diet duration were
selected.

This is an outpatient trial so dietary compliance cannot be definitively determined, however
dietary biomarker data (urinary excretion) will be used to evaluate compliance in addition
to self-reported information. The gut microbiome analysis will be limited to 16S rRNA
sequencing, targeted metabolic analyses of SCFA, and targeted qRT-PCR. Untargeted
metabolomics and shot gun metagenomic approaches would extend future work to better
understand the meta-organismal pathway contributing to impaired glucose homeostasis.

6. Conclusions and future directions

Mid-life is a vulnerable stage with 45-50% of adults in this age group having prediabetes
[102]. This highlights the significance of T2D prevention strategies for these individuals.
Our research could contribute to the evidence base informing dietary guidelines and T2D
prevention strategies for this age group. Based upon these findings, future studies could
examine the time course of changes, match diets in UPF but vary additive content to isolate
the effects of individual UPF components/additives,*3and investigate behavioral strategies to
reduce UPF intake.
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Sample Daily Menus for the 2000 kcal Standard Lead-in, UPF, and Non-UPF Diets.

Standardized L ead-In (59% UPF)

UPF (81% UPF)

Non-UPF (0% UPF)

Breakfast

Lunch

Dinner

Snack

Optional
Module

Eggo waffles with blueberries, served
with apple juice and whole milk.

Ultra-processed beef patty on commercial
white bun with lettuce and ketchup

Salted chicken breast cooked in canola
oil, served over whole grain pasta with
broccoli, carrots, and parmesan cheese

Chips Ahoy! Cookies, served with
Minute Maid Lemonade

Ritz crackers with cheddar cheese, ham,
Skittles, and raspberries

Eggo waffles with syrup, served
with orange juice

Ultra-processed beef patty on
commercial whole wheat bun with
lettuce

Stouffer’s Lasagna with Meat and
Sauce (frozen meal)

Chips Ahoy! Cookies, apple slices
with peanut butter, and carrots,
served with Minute Maid Lemonade
and whole milk

Ritz crackers with American cheese,
turkey, Skittles, and raspberries

Homemade waffles with blueberries and
pure maple syrup

100% ground beef patty with salt on a
homemade white bun with lettuce

Salted chicken breast cooked in canola
oil, served over whole grain pasta with
broccoli, carrots, and parmesan cheese

Banana, rice cakes with natural peanut
butter, served with homemade lemonade
and coconut water

Good Thins rice crackers with cheddar
cheese, ham, cantaloupe, and natural fruit
licorice candy

UPF: Ultra-processed Foods.
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Daily menu targets and the 7-day average of the Standardized Lead-In menus for the 2000 kcal level.

Table 2

Dietary Component

Weekly Average Target

Difference

Energy (kcal)

Total Fat (g)

Total Carbohydrates (g)

Total Protein (g)

Animal Protein (g)

Vegetable Protein (g)

Total Saturated Fatty Acids (SFA) (g)

Total Monounsaturated Fatty Acids (M UFA) (g)
Total Polyunsaturated Fatty Acids (PUFA) (g)

Total Dietary Fiber (g)

Soluble Dietary Fiber (g)

Added Sugars (by Total Sugars) (g)
Sodium (Na, mg)

Total Vitamin A Activity (Retinol
Equivalents) (mcg)

Vitamin E (Total Alpha-Tocopherol)
(mg)

Vitamin C (ascor bic acid) (mg)
Zinc (mg)

Selenium (mcg)

Calcium (mg)

Magnesium (mg)

Potassium (K, mg)

% Caloriesfrom Fat

% Caloriesfrom Carbohydrate

% Caloriesfrom Protein

% Caloriesfrom SFA

% Caloriesfrom MUFA

% Caloriesfrom PUFA

Glycemic Index (glucose reference)

Glycemic Load (GL; glucose reference)

Healthy Eating Index (HEI)
Ultra-Processed Food, % energy
Na/K ratio

1981
79
251
76
50
26

3400
761

129

117
960
275
2033
35
49
15
12
14

60
201
58
59
2

2000
78
250
75
50
25
27
31
11
16

70
3400
760

10

130

120
874
272
2400
35
50
15
12
14

56

N/AZ
58

59

2

19

a . s . . . "
The goal for GL was to be consistent across the days within each diet condition and across diet conditions.
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Daily menu targets and the 7-day average of the 81% UPF menus for the 2000 kcal level.

Table 3

Dietary Component Weekly Average Target Difference
Energy (kcal) 1986 2000 14
Total Fat (g) 79 78 -1
Total Carbohydrates (g) 252 250 -2
Total Protein (g) 76 75 -1
Animal Protein (g) 49 50 1
Vegetable Protein (g) 27 25 -2
Total Saturated Fatty Acids (SFA) (g) 29 27 -2
Total Monounsaturated Fatty Acids 29 31 2
(MUFA) (9)

Total Polyunsaturated Fatty Acids 14 11 -3
(PUFA) (g)

Total Dietary Fiber (g) 15 16 1
Soluble Dietary Fiber (g) 5 4 -1
Added Sugars (by Total Sugars) (g) 71 70 -1
Sodium (Na, mg) 3405 3400 -5
Total Vitamin A Activity (Retinol Equivalents) (mcg) 760 760 0
Vitamin E (Total Alpha-Tocopherol) (mg) 8 10 2
Vitamin C (ascor bic acid) (mg) 131 130 -1
Zinc (mg) 9 8 -1
Selenium (mcg) 117 120 3
Calcium (mg) 1004 874 -130
Magnesium (mg) 267 272 5
Potassium (K, mg) 2268 2400 132
% Caloriesfrom Fat 35 35 0
% Caloriesfrom Carbohydrate 50 50 0
% Caloriesfrom Protein 15 15 0
% Caloriesfrom SFA 13 12 -1
% Caloriesfrom MUFA 13 14 1
% Caloriesfrom PUFA 6 5 -1
Glycemic Index (glucose reference) 61 56 -5
Glycemic Load (GL; glucose reference) 205 N/AZ N/AZ
Healthy Eating Index (HEI) 50 58 8
Ultra-Processed Food, % energy 81 81 0
Na/K ratio 2 2 0

a . o . L . "
The goal for GL was to be consistent cross the days within each diet condition, and across diet conditions.
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Daily menu targets and the 7-day average of the 0% UPF menus for the 2000 kcal level.

Table 4

Dietary Component

7-day Average

Target Difference

Energy (kcal)

Total Fat (g)

Total Carbohydrates (g)

Total Protein (g)

Animal Protein (g)

Vegetable Protein (g)

Total Saturated Fatty Acids (SFA) (g)
Total Monounsaturated Fatty Acids
(MUFA) (9)

Total Polyunsaturated Fatty Acids (PUFA) (g)
Total Dietary Fiber (g)

Soluble Dietary Fiber (g)

Added Sugars (by Total Sugars) (g)
Sodium (Na, mg)

Total Vitamin A Activity (Retinol Equivalents) (mcg)
Vitamin E (Total Alpha-Tocopherol) (mg)
Vitamin C (ascor bic acid) (mg)

Zinc (mg)

Selenium (mcg)

Calcium (mg)

Magnesium (mg)

Potassium (K, mg)

% Caloriesfrom Fat

% Caloriesfrom Carbohydrate

% Caloriesfrom Protein

% Caloriesfrom SFA

% Caloriesfrom MUFA

% Caloriesfrom PUFA

Glycemic Index (glucose reference)
Glycemic Load (GL; glucose reference)
Healthy Eating Index (HEI)
Ultra-Processed Food, % energy

Na/K ratio

1978
7
251
77
50
26
28
33

10
14

70
3401
762

131

111
738
241
2130
34
50
16
12
15

62
208
52
0

2

2000
78
250
75
50
25
27
31

11
16

70
3400
760
10
130

120
874
272
2400
35
50
15
12
14

56

N/AZ
58

0

2

22
1
-1
-2

a . _ . - . .
The goal for GL was to be consistent cross the days within each diet condition, and across diet conditions.
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