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Abstract

Background Ultra-processed food (UPF) consumption increases the risk of type 2 diabetes in various high-income
countries, with some variation in the magnitude across studies. Our objective was to investigate the association
of UPF consumption and specific subgroups with incident type 2 diabetes in Brazilian adults.

Methods The Brazilian Longitudinal Study of Adult Health (ELSA-Brasil) is a multicenter cohort study of 15,105
adults (35-74 years) enrolled in public institutions in Brazil (2008-2010). We followed participants with two clinic
visits (2012-2014; 2017-2019) and annual telephone surveillance. After excluding those with diabetes at baseline,
who died or were lost in the follow-up, with missing data, with implausible energy food intake, or reporting bariatric
surgery, there were 10,202 participants. We used the NOVA classification to assess UPF consumption based on a food
frequency questionnaire. We defined type 2 diabetes by self-report, medication use, or comprehensive laboratory
tests. We estimated relative risks (RR) and 95% confidence intervals (95% Cl) using robust Poisson regression.

Results Median UPF consumption was 372 g/day. Over 8.2 (0.7) years of follow-up, we detected 1799 (17.6%) inci-
dent cases. After adjustment for socio-demographics, family history of diabetes, and behavioral risk factors, comparing
the fourth (=566 g/day) with the first (< 236 g/day) quartile of UPF distribution, RR was 1.24 (1.10-1.39); every 150 g/
day increments in UPF consumption resulted in a RR of 1.05 (1.03-1.07). Reclassifying natural beverages with added
sweeteners as UPF increased risk (RR 1.40; 1.25-1.58). Among UPF subgroupings, consumption of processed meats
and sweetened beverages increased diabetes risk, while yogurt and dairy sweets decreased the risk (p < 0.05).

Conclusions UPF consumption increased the incidence of type 2 diabetes in Brazilian adults, with heterogene-
ity across specific food items. These findings add to previous evidence for the role of UPFs in the development

of diabetes and other chronic diseases, supporting recommendations to avoid their intake in diabetes prevention
and management.
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Background

Ultra-processed foods (UPFs) have received recent atten-
tion in nutritional epidemiology. Being nutritionally
unbalanced, rich in additives (flavors, emulsifiers, and
dyes, among others), and designed to be highly conveni-
ent and attractive to stimulate consumption [1], their
intake has increased rapidly over the last few decades
[2, 3] with crucial adverse health effects. According to
a survey conducted in Brazil, the consumption of UPF
accounted for approximately 20% of the total diet, with
bread, non-dairy sweets and desserts, processed meats,
and sodas being the main contributors [4].

Greater consumption of UPFs relates to higher overall
mortality and the incidence of various non-communica-
ble chronic diseases, including cancer and cardiovascular
diseases [5, 6]. It also predicted weight [5, 7, 8] and waist
[8] gains. In addition, six prospective studies in European
and North American countries [9-13] have found that
higher consumption of UPFs predicted an increased risk
of type 2 diabetes. Based on cohort studies in the United
States, one report [13] identified animal-based prod-
ucts, ready-to-eat/heat-mixed dishes, and artificially and
sugar-sweetened beverages as the UPF subgroups most
related to developing type 2 diabetes.

Eating patterns vary across populations, and the inter-
actions of UPFs with traditional eating patterns in differ-
ent cultures and their insertion in different nutritional
transitions may produce distinct health effects. Thus, it
is noteworthy that this association has not been evalu-
ated in low and middle-income countries, where tradi-
tional dietary patterns may differ, consumption of UPFs
is lower, and where 95% of new cases of diabetes will
occur by 2030 [14]. Thus, we aimed to investigate the
association between UPF food consumption and the risk
of developing type 2 diabetes in Brazil, a large middle-
income country currently ranked 6th in the number of
persons living with diabetes globally. To this end, we ana-
lyzed a cohort of Brazilian adults, the ELSA-Brasil study.

Methods
Study design and population
The Brazilian Longitudinal Study of Adult Health (in Por-
tuguese, ‘Estudo Longitudinal de Satide do Adulto, ELSA-
Brasil) is a multicenter prospective occupational cohort
aiming primarily to address risk factors for the develop-
ment and progression of chronic diseases, particularly
cardiovascular diseases and diabetes, over a long-term
follow-up [15]. Ethics committees of each institution
approved the research protocol, and subjects gave writ-
ten consent to participate in each visit.

Between August 2008 and December 2010, we
recruited 15105 active or retired, non-pregnant civil
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servants, aged 35-74 years, from public institutions of
higher education and research located in six Brazilian
capital cities (Salvador, Belo Horizonte, Rio de Janeiro,
Séao Paulo, Vitoria, and Porto Alegre), and applied a series
of questionnaires as well as laboratory and clinical exami-
nations [15-17]. Participants returned twice to the study
sites (2012-2014 and 2017-2019) for further investiga-
tion. Additionally, they have responded to annual tel-
ephone surveillance since 2009.

Among the 15105 participants enrolled, we excluded
those with prevalent diabetes at baseline (n=2429), with
implausible food intake (<600 kcal/d or>6000 kcal/d)
(n=197), who died (n=321), were lost to follow-up
(n=1361), had missing data on variables of inter-
est (n=484), or had bariatric surgery between visits
(n=111). The final sample had 10202 participants (Addi-
tional file 1: Fig. S1).

Baseline measurements

All measurements followed standardized protocols and
regular quality control assessments [18]. In each visit,
after an overnight fast, we measured weight, height, and
waist circumference following internationally standard-
ized protocols and defined body mass index (BMI) as
weight (kg)/height (m)2. We also obtained a fasting blood
sample by venipuncture and conducted a standardized
2-h 75-g oral glucose tolerance test (WHO 1999). Plasma
glucose was measured using hexokinase and HbAlc by
high-pressure liquid chromatography (Bio-Rad, certi-
fied by the National Glycohemoglobin Standardization
Program).

We interviewed participants using structured ques-
tionnaires to ascertain age, sex, self-declared race/
color, educational achievement, family income, previous
medical history, smoking (current and previous), alco-
hol consumption, physical activity, and family history of
diabetes.

Food consumption was evaluated at baseline through
a previously validated food frequency questionnaire,
with 114 food items [19]. For each item, we obtained the
frequency of consumption in the last year (with eight
response options: ‘more than 3 times/day, 2-3 times/
day; ‘once daily;, ‘5—6 times/week; 2—4 times/week; ‘once/
week, ‘1-3 times/month’ and ‘never/almost never’) and
the number of portions consumed, using standardized
portion sizes. We then calculated the daily amount con-
sumed for each food item in grams by multiplying its
portion number, weight, and frequency. Next, we esti-
mated the nutritional composition and energy using
the University of Minnesota Nutrition Data System for
Research (NDSR) software. Finally, we imputed the 99th
percentile value for a food item when that food’s value
was above the 99 percentile of its distribution.
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Definition of ultra-processed foods

We grouped food items according to the extent and
purpose of their industrial processing (the NOVA clas-
sification): (i) non- or minimally processed foods and
culinary ingredients, (ii) processed foods, and (iii) ultra-
processed foods [1]. We aggregated non- or minimally
processed foods and culinary ingredients into a single
group because our food frequency questionnaire did not
distinguish culinary ingredients from the food items that
included them (Fig. 1).

In secondary analyses we classified artificially sweet-
ened natural juices, coffee, or tea as UPFs (rather than
non- or minimally-processed foods and culinary ingre-
dients), given our previous findings suggesting increased
diabetes risk in certain groups [20].
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Outcomes

We ascertained diabetes based on laboratory measure-
ments taken during visits and reports from the annual
telephone follow-up surveillance. We defined as diabe-
tes cases those who: (i) reported a medical diagnosis of
diabetes or current use of medication for diabetes, or (ii)
had a laboratory measurement reaching the thresholds
for fasting plasma glucose (FPG) (>7.0 mmol/L; 126 mg/
dL), 2 h post-load glucose (PG) (>11.1 mmol/L; 200 mg/
dL), or HbAlc (>48 mmol/mol; 6.5%) (WHO 2006; ADA
2014). We excluded prevalent diabetes at baseline and
ascertained incident diabetes at follow-up visits based
on these criteria. We additionally included new cases
reporting a diagnosis of diabetes on at least two annual
telephone interviews after the last clinic visit.

INGREDIENTS

GROUP 1 - UNPROCESSED OR MINIMALLY PROCESSED FOODS AND CULINARY

Brown rice, white rice, oats/cereals, toasted manioc flour/ corn or manioc couscous, cassava/corn flour, cooked
corn/ manioc meal, boiled potato, cassava/manioc, potato or manioc fries, orange/ tangerine, banana, papaya,
apple/pear, watermelon, melon, pineapple, avocado, mango, grape, guava, strawberry, peach/plum/kiwi,

persimmon, fruit salad with sugar, fruit salad without sugar, lettuce, sautéed kale/spinach, cabbage,

chicory/watercress/arugula raw, tomato, pumpkin/squash, zucchini/chayote/eggplant, string beans, okra, onion,
garlic, carrot, beetroot, cauliflower, broccoli, corn, beans, beans stew (feijoada), lentil/ chickpeas/peas, nuts/oil
seeds, boiled egg, fried/scrambled eggs, skimmed milk, semi-skimmed milk, whole milk, soy milk, butter,
liver/offals, tripe, beef with bone, beef without bone, pork, fried chicken, cooked chicken, boiled/baked fish, fried
fish, shrimp/seafood, crab, macaroni, popcorn, stroganoff, traditional afro-Brazilian foods (vatapd, caruru), fish
stew, sushi, sashimi, yakisoba, vegetable soup, honey/molasses, coffee with sugar, coffee without sugar, coffee
with sweetener, natural juice with sugar, natural juice without sugar, natural juice with sweetener, tea/mate with

sugar, tea/mate without sugar, tea/mate with sweetener, herbal tea (chimarrdo), coconut water.

GROUP 2 - PROCESSED FOODS

French bread, white and yellow cheese, bacon, canned sardines/tuna, beer, red wine, white wine.

GROUP 3 - ULTRA-PROCESSED FOODS

Ready-packaged bread (light, toasted, sweet, whole grain, cheese bread); baked and fried snacks, including afro-
Brazilian bean fritter (acarajé) and crackers; non-dairy sweet snacks and desserts (simple or stuffed cake, cookies
with or without filling, fruit popsicle, caramel/candy, gelatin, chocolate powder, chocolate bar, fruit jam/jelly,
cereal bar); spreads (light or regular mayonnaise, light or regular cream cheese and margarine/vegetable cream);
yogurt and dairy sweets (light or regular sweetened yogurt, creamy ice cream and pudding); processed meats
(sausage, hamburger/steak, sliced turkey breast, ham/mortadella/salami, hot dogs); ready-to-eat/heat mixed dishes
(pizza, soup and instant noodles); sweetened beverages (diet soda, soda, industrialized juice with sugar,
industrialized juice without sugar, industrialized juice with sweetener, artificial juice with sugar, artificial juice

without sugar, artificial juice with sweetener); and distilled alcoholic beverages.

Fig. 1 Box of ELSA-Brasil food subgroups according to the NOVA classification, based on the degree of food industrial processing



Canhada et al. Diabetology & Metabolic Syndrome (2023) 15:233

Statistical analysis

We describe participant characteristics and outcomes
using absolute and relative frequencies for categorical
variables and mean, standard deviation or median and
25th-75th percentiles for continuous variables. To assess
the statistical significance of differences between means
or proportions, we employed ANOVA and Chi-square
tests, respectively.

We characterized UPF consumption in two ways:
first, using mean consumption in grams per day (g/day),
expressed as a mean difference of 150 g/day, which repre-
sents approximately a 10% difference in consumption in
our sample; and second, creating quartiles of consump-
tion (g/day). We used grams instead of kcal to express
quantity because some foods and beverages in the UPF
group do not provide energy.

We examined the shape of the association along the
continuum of UPFs using restricted cubic splines and
tested the non-linearity of the associations [21]. We esti-
mated relative risks (RR) and 95% confidence intervals
(95% CI) using robust Poisson regression to investigate
the associations of UPF intake with incident diabetes.
Progressively adjusted models included: in model 2, age
(in years), sex (male or female), race/color (white, brown,
black, Asian, or Indigenous), school achievement (less
than elementary, elementary, secondary or college/uni-
versity), per capita family income (in Brazilian currency,
reais), family history of diabetes (yes or no), smoking
(never, former or current), physical activity (in MET min-
utes/week), and alcohol consumption (in grams/week);
in model 3a, model 2 plus energy intake (in kilocalories/
day); in model 3b, model 2 plus hypertension (yes or no);
and in model 3c, model 2 plus BMI (in kg/m?). We con-
sidered model 2 as our final adjustment model; models
3a-c permit a comparison of our results with those of
other studies. We drew directed acyclic graphs to under-
stand the variable relationships (Additional file 1: Figure
S2).

We tested potential multiplicative interactions by add-
ing multiplicative terms to models. The interactions con-
sidered were intermediate hyperglycemia (yes or no),
self-reported recent diet change (yes or no), sex (male
or female), fruit and vegetable consumption (in grams/
day), and (model 3c) with BMI (kg/m?). We assessed mul-
ticollinearity between variables, setting a limit of 2 for
the variance inflation factor. The overall fit of the model
to the data was assessed using the method described by
Hosmer and Lemeshow [22].

To assess the robustness of our findings, we performed
several sensitivity analyses, based on model 2, by (i)
reclassifying natural juices and coffee/tea with added
artificial sweeteners from the group of non- or minimally
processed foods and culinary ingredients to the UPF
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group, (ii) alternatively quantifying UPFs as a propor-
tion of grams relative to the total daily grams consumed,
(iii) including red meat intake, (iv) fruits and vegetable
intake, (v) saturated fat intake, (vi) sugar intake, (vii) fiber
intake, and (viii) diet quality as adjustment variables [23],
(ix) including 16 cases of incident diabetes who died and
were thus excluded in the original analyses, and, finally,
(x) performing multiple imputation to permit the addi-
tion in analyses of participants with missing values in
covariates.

We also evaluated the association between the con-
sumption of specific UPF subgroups and the incidence
of diabetes using model 2 for increments of 50 g/d and
one standard deviation in each group. We conducted all
analyses with the statistical software package SAS Stu-
dio® (SAS OnDemand for Academics).

Results

Table 1 provides a detailed description of the sample,
overall and according to quartiles of UPF consumption.
Briefly, 5846 (57.3%) were women, 5597 (54.9%) were
self-declared as being white, 5871 (57.6%) had a complete
college/university degree, and 3675 (36%) had a fam-
ily history of diabetes. Median and IQR values were 372
(235-565) g/day for UPF consumption, 50 (44—57) years
for age, and 25.9 (23.4-28.9) kg/m? for BMIL. Compared
with those in the first UPF quartile (<236 g/day), partici-
pants in the fourth quartile (>566 g/day) were younger
and had higher consumption of overall energy, red meat,
saturated fat, and sugar, as well as higher BMI. Those in
the top quartile were less frequently women and more
frequently white.

After 8.2 (£0.7) years of follow-up, 1799 (17.6%, 95%CI
16.9-18.4%) participants developed type 2 diabetes.
Restricted cubic spline regression models showed a linear
relative increase in the incidence of type 2 diabetes with
rising values of UPF consumption when adjusting for age,
sex, race/color, income, school achievement, family his-
tory of diabetes, smoking, physical activity, and alcohol
(p non-linearity =0.20) (Fig. 2).

Table 2 shows the results of the association between
UPF consumption and the incidence of type 2 diabetes.
When comparing the fourth (>566 g/day) with the first
quartile (<236 g/day) of UPF consumption and adjust-
ing for sociodemographic, clinical, and behavioral risk
factors, we found a RR of 1.24 (95% CI 1.10-1.39, model
2, main analysis). For every 150 g/day increment in UPF
consumption, we found a RR of 1.05 (95% CI 1.03-1.07,
model 2). Results after adding the potential mediators of
energy intake and hypertension (models 3a, b) changed
the magnitude of the associations only slightly while add-
ing BMI (model 3c) led to a marked reduction.
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Fig. 2 Restricted cubic splines for the association

between ultra-processed food consumption and incidence of type
2 diabetes, adjusted for model 2. The dashed line shows the point
estimates of relative risk (RR) for the association along the spectrum
of ultra-processed food consumption and the stippled area,

the 95% confidence limits. The histogram shows the distribution

of ultra-processed foods consumption (% of the study sample; right
vertical axis)

We found no multicollinearity among the variables
included nor evidence to reject the global fit of the model
to the data (p=0.31). We did not observe effect modifica-
tion by BMI, intermediate hyperglycemia, self-reported
recent change in diet, sex, and fruit and vegetable con-
sumption (p-values of 0.32, 0.95, 0.74, 0.20, and 0.91,
respectively).

Table 3 shows the association of UPF subgroups con-
sumption, expressed continuously for 50 g/day and a one
SD difference, with the incidence of diabetes. With the
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division of UPF into smaller groups, only a few associa-
tions presented statistical significance. Processed meats
and sweetened beverages increased the adjusted risk of
diabetes in both analyses. For processed meat, the rela-
tive risk for a one SD (21 g) difference was 1.08 (95%
CI 1.04-1.13). For sweetened beverages, the relative
risk for a one SD (230 ml) difference was 1.14 (95% CI
1.10-1.18). Greater consumption of yogurt and dairy
sweets decreased risk in both analyses, with a 61 g/day
difference having an adjusted relative risk of 0.94 (95% CI
0.89-0.98).

We also conducted sensitivity analyses (Table 4). When
classifying artificially sweetened natural juices, coffee, or
tea as UPFs (rather than non- or minimally-processed
foods and culinary ingredients), associations increased
(third quartile RR=1.32, 95% CI 1.17-1.49, fourth quar-
tile RR=1.40, 95% CI 1.25-1.58). All other analyses pro-
duced estimates similar to those presented in Table 2.

Discussion

Greater consumption of UPFs increased the incidence of
type 2 diabetes over an average of eight years of follow-
up in our sample of middle-aged and elderly Brazilian
adults. The association was linear over a relevant con-
sumption range and was evident both when comparing
extreme quartiles of UPF consumption and increases of
150 g/day in consumption. Within the UPF food sub-
groups, sweetened beverages and processed meat pre-
sented the strongest associations; however, consuming
yogurt and dairy sweets was protective.

Our findings align with those of previous observational
studies relating UPFs to the incidence of diabetes in
France, United Kingdom, Spain, Netherlands, and United
States [9-13]. When comparing the extremes of UPF

Table 2 Association of ultra-processed food consumption with the incidence of diabetes, ELSA-Brasil (N=10,202)

Ultra-processed food consumption

Quartile Quartile 2 236-372 g/day Quartile 3 373-565 g/day Quartile 4 >566 g/day For a 150 g/day

1" <235 g/day increase
Models? RR RR 95% Cl RR 95% CI RR 95% CI RR 95% Cl
1 1 0.88 0.78,0.99 093 0.82,1.04 .11 0.99,1.25 1.04 1.02,1.06
2 1 0.96 0.85,1.08 1.03 0.92,1.16 1.24 1.10,1.39 1.05 1.03,1.07
3a 1 0.97 0.86,1.10 1.06 0.93,1.20 1.29 113,147 1.07 1.04,1.09
3b 1 0.97 0.86, 1.09 1.04 0.92,1.17 1.22 1.09,1.37 1.05 1.03,1.07
3c 1 093 0.83,1.05 0.96 0.85,1.08 1.09 0.97,1.22 1.02 1.00,1.05

' Quartile 1: Reference
2 Model 1: Non-adjusted

Model 2: Age, sex, race/color, income, school achievement, family history of diabetes, smoking, physical activity and alcohol

Model 3a: 2+ Energy intake
Model 3b: 2+ Hypertension
Model 3c: 2+ BMI
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Table 3 Association of ultra-processed food (UPF) subgroups consumption with the incidence of diabetes, ELSA-Brasil (N=10,202)

For a 50 g/day increase

For a SD/day increase

Crude Adjusted' SD Crude Adjusted'

UPF Subgroups RR 95% ClI RR 95% Cl RR 95% ClI RR 95% ClI

1. Ready-packaged bread 0.95 0.91,1.00 0.96 0.92,1.01 489 0.95 0.91,1.00 0.97 0.92,1.01
2. Baked and fried snacks 094 0.85,1.04 093 0.84,1.04 21g 097 0.93,1.02 0.97 0.93,1.02
3. Non-dairy sweet snacks and desserts 0.99 0.95,1.03 0.98 0.94,1.03 569 0.99 0.94,1.04 0.98 0.94,1.03
4. Spreads 0.95 0.78,1.16 0.99 0.82,1.19 129 0.99 0.94,1.04 1.00 0.95,1.04
5.Yogurt and dairy sweets 0.93 0.89,0.96 0.95 0.91,0.98 6149 091 0.87,0.95 0.94 0.89,0.98
6. Processed meats 1.13 1.02,1.25 1.20 1.09,1.32 219 1.05 1.01,1.10 1.08 1.04,1.13
7. Ready-to-eat/heat mixed dishes 093 0.84,1.03 0.99 0.90, 1.08 25¢g 0.96 0.92,1.01 0.99 0.95,1.04
8. Sweetened beverages 1.03 1.02,1.04 1.03 1.02,1.04 230 ml 1.14 1.10,1.18 1.14 1.10,1.18
9. Distilled alcoholic beverages 1.31 1.05,1.63 1.14 0.89, 1.48 89 1.04 1.01,1.08 1.02 0.98, 1.06

! Adjusted according to Model 2 of Table 2: Age, sex, center, race/color, income, school achievement, family history of diabetes, smoking, physical activity and alcohol

SD =standard deviation

Table 4 Sensitivity analyses for the association of ultra-processed (UPF) consumption with incident diabetes (n=10,202)

Absolute increments Quartile 2 Quartile 3 Quartile 4

RR (95% Cl) RR (95% Cl) RR (95% Cl) RR (95% Cl)
Reclassifying natural juice/coffee/tea with added sweeteners as UPFs 1.06 (1.04, 1.08) 1.04(0.92,1.18) 1.32(1.17,149) 140(1.25,1.58)
rather than as non- or minimally processed food
Defining daily UPF consumption as a proportion of the daily diet’s weight 06 (1.03, 1.10) 1.04(0.92,1.17)  1.09(0.96,1.23) 1.24(1.10, 1.40)
Inclusion of red meat intake as an adjustment variable 05 (1.03, 1.07) 0.96 (0.85,1.08) 1.02 (0.9 HS) 1.20 (1.07,1.35)
Inclusion of fruit and vegetable intake as an adjustment variable 05 (1.03,1.07) 0.96 (0.85,1.08) 1.03(0.91,1.16) 1.23(1.09, 1.38)
Inclusion of saturated fat intake as an adjustment variable 07 (1.05, 1.09) 0.98 (0.87,1.11) (O 95,1.21) 1.32(1.16,1.50)
Inclusion of sugar intake as an adjustment variable 09 (1.06,1.11) 0.99(0.87,1.11) 1.09(0.96,1.23) 1.37(1.20, 1.56)
Inclusion of fiber intake as an adjustment variable 06 (1.04, 1.08) 0.97(0.86, 1 09) 05(0.93,1.18) 1.27(1.13,1.43)
Inclusion of diet quality as an adjustment variable 1.06 (1.04, 1.09) 0.97(0.86,1.10) 1.05(0.93,1.19) 1.29(1.15, 1.46)
Inclusion of 16 cases of incident diabetes who died and were excluded 1.05(1.03,1.07) 0.96 (0.85,1.09) 1.03(092,1.17) 124(1.11,1 39)

among deaths
Multiple imputation

1.04 (1.02, 1.06)

0.96 (0.86,1.08) 1.02(0.91,1.15) 1.20(1.07,1.34)

All analyses were performed with Model 2, as defined in Table 2

Absolute increments: 7% was used for the “UPF consumption as a proportion of the daily diet’s weight” (10th percentile of consumption). 150 g/d increases were used

for all the other analyses

New quartiles for UPF consumption as a proportion of the daily diet’s weight analysis: quartile 1: reference; quartile 2: 10.8-16.2%; quartile 3: 16.3-23.4%; quartile

4:>23.5%

New quartiles for reclassification analysis: quartile 1: reference; quartile 2: 273-436 g/day; quartile 3: 437-669 g/day; quartile 4: > 670 g/day

consumption, the relative risks (RRs) varied across stud-
ies, from 1.19 (as observed in the Nurses’ Health Study
conducted in the US) to 1.56 (in the Lifelines cohort from
the Netherlands). Differences may result from specific
modeling strategies and population characteristics, and
from varying follow-up times, as outlined in Additional
file 1: Table S1.

We found weaker associations, not statistically sig-
nificant after the inclusion of BMI, a potential mediator.
We cannot fully explain our smaller associations, but
some aspects merit consideration. First, our definition of

incident diabetes included not only self-reported infor-
mation but also laboratory determinations made at a sin-
gle moment, thus being more sensitive and less specific
than the definitions in many other studies. This defini-
tion may have diluted the magnitude of our associations.
Second, our food frequency questionnaire, not designed
to assess UPFs, may have resulted in greater impreci-
sion in our characterization of UPF consumption, bias-
ing the association toward the null. Third, the somewhat
stronger association found after reclassification of natural
juice/coffee/tea with added sweeteners as UPFs and not
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as unprocessed or minimally processed foods (sensitivity
analyses) suggests that our primary analyses may under-
estimate the UPF/diabetes association in Brazilian adults
because using sweeteners in coffee and natural juices is
widespread in Brazil. Finally, other specific aspects of
the Brazilian diet may explain the smaller association,
although we have adjusted for multiple dietary factors,
including an indicator of a healthy diet.

We considered some possibilities to explain the role of
UPFs in type 2 diabetes development. UPFs are rich in
calories, which can lead to weight gain and obesity, and
have a poor nutritional value—high contents of saturated
fat, sugar, and sodium, high glycemic index [24], and
low content of fiber [25]. However, adjustment for most
of these dietary factors, including diet quality, led to an
increase in the associations, not a decrease. Although
including BMI in the model decreased associations con-
siderably, we cannot distinguish whether this resulted
from confounding or from mediation, as adiposity
impacts diabetes as a continuous and chronic process.

Thus, additional potential mechanisms of UPFs deserve
attention. UPFs contain substances not used in tradi-
tional food preparation (such as trans-fat) and numerous
additives (such as emulsifiers, nonnutritive sweeteners,
and thickeners), some of which have been associated
with cardiometabolic effects [26, 27]. Emulsifiers, a com-
mon additive in UFPs, have been shown to disrupt the
intestinal mucus barrier, leading to the greater passage of
pro-inflammatory stimulants, which may further stimu-
late the development of diabetes [28]. Concerning non-
nutritive sweeteners, a recent randomized clinical trial
showed them to produce impaired glycemic responses
by apparently acting through alteration in the intestinal
microbiota [29]. UPFs also increase the intake of sub-
stances such as bisphenol A, which migrates into foods
from UPF packaging and has been associated with type 2
diabetes incidence [30, 31].

Our findings regarding specific components of UPFs
relating differently to the development of type 2 diabe-
tes generally align with those found in cohorts of health
professionals in the United States [13]. Processed meats
and sweetened beverages were the main drivers of the
increased risk of type 2 diabetes in our sample. Meta-
analyses of cohort studies support our results [32, 33].
On the contrary, yogurt and dairy sweets acted as protec-
tive factors despite being mostly industrialized and with
added sugar or artificial sweeteners. Diabetes protection
from dairy products is not surprising since meta-analy-
ses in different populations [34, 35] and a previous study
from ELSA-Brasil [36] also indicate protection. Unfor-
tunately, these studies do not distinguish dairy products
with and without added sugar, and further studies are
necessary to unravel these issues.
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Though some UPF food subgroups showed positive
associations with incident diabetes while others did
not, we continue to support the concept that UPFs as
a dietary pattern characterized by the NOVA classifi-
cation are likely harmful. In addition to increasing all-
cause mortality, UPFs have been shown to increase the
risk of various diseases, ranging from obesity and other
cardiometabolic ones to cancer, irritable bowel disease,
frailty, and depression [37]. In addition, the UPF con-
cept facilitates public health messaging on nutrition.
Further studies of the association of UPF subgroups,
particularly yogurt and dairy desserts, with diabe-
tes and the other chronic conditions associated with
greater UPF consumption are necessary.

Our study has limitations. First, our food frequency
questionnaire was not specifically designed for the
NOVA classification. Although these questionnaires
are commonly used to assess nutritional intake in epi-
demiological studies, our lack of specificity in identi-
fying UPFs may lead to an underestimation of the size
of the associations reported. Furthermore, it reflects
only partially the large amount of UPFs available today.
However, the quantity of ultra-processed foods con-
sumed in this cohort is in line with that of a nationwide
representative survey assessed with detailed food regis-
tries [4]. Second, our approximately eight-year follow-
up may be too short to evaluate the total contribution
of UPFs to the development of a chronic condition
such as diabetes. Third, although we performed multi-
ple adjustments for possible confounders in statistical
analyses, we cannot rule out residual or unmeasured
confounding, particularly since some potential media-
tors may also be potential confounders. Fourth, since
our cohort started at age 35, we cannot extrapolate our
findings to younger groups. Finally, although, following
the design of most cohort studies, we did not randomly
draw our sample from the Brazilian adult population,
it captures Brazil’s racial, social, and regional diversity
[17].

Our study also has strengths. To our knowledge, this
is the first report of an association between UPF intake
and incident type 2 diabetes originating from a country
whose food culture is quite different from those of the
northern hemisphere high-income countries from which
the association has been previously reported. Thus, our
findings support the robustness of the association across
varying dietary patterns resulting from introducing UPFs
within the context of diverse culinary traditions. Our
multiple sensitivity analyses also attest to the robustness
of the associations found. Finally, our cohort’s follow-up
was excellent, and the comparison of results with and
without multiple imputation of missing values in covari-
ates attest to the small possibility of bias.
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In conclusion, we provide further prospective evidence
that consumption of ultra-processed foods and bever-
ages, particularly processed meat and sweetened bever-
ages and foods, is related to the development of type 2
diabetes in adults. Furthermore, our findings from this
Brazilian population extend the UPF risk documentation
in northern hemisphere high-income countries to differ-

ent settings and population dietary patterns.
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