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African heritage diets are increasingly being replaced by Western-style
dietary patterns because of urbanization, economic development,
increased access to processed foods, globalization and changing social
norms. The health consequences of this nutrition transition are not well
understood. We conducted arandomized controlled trial in the Kilimanjaro
regionin Northern Tanzania to investigate theimmune and metabolic
effects of switching between Kilimanjaro heritage-style and Western-style
diets for 2 weeks and consuming a traditional fermented banana beverage
(‘Mbege’) for 1 week. Seventy-seven young and healthy volunteers assigned
male at birth, someliving in urban areas and some living in rural areas,
wererecruited in the trial. Primary outcomes were changes in theimmune
and metabolic profile before and after the intervention and at the 4-week
follow-up. The switch from heritage-style to Western-style diet affected
different metabolic pathways associated with noncommunicable diseases
and promoted a pro-inflammatory state with impaired whole-blood
cytokine responses to microbial stimulation. In contrast, the switch from
Western-style to heritage-style diet or consuming the fermented beverage
had alargely anti-inflammatory effect. Some of the observed changes in

the immune and metabolic profiles persisted at the follow-up, suggesting a
sustained impact from the short-term intervention. These findings show the
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metabolic and immune effects of dietary transitions and the consumption
of fermented beverages, underscoring the importance of preserving
indigenous dietary practices to mitigate noncommunicable disease risk
factorsin sub-Saharan Africa. ISRCTN trial registration: ISRCTN15619939.

Sub-Saharan Africafaces a surge innoncommunicable diseases (NCDs),
including cardiovascular disease (CVD), diabetes and chronicinflamma-
tory conditions’, straining health systems. Urban adult mortality rates
now exceed rural rates?, largely because of lifestyle changes, including
the adoption of calorie-dense Western diets (WDs). Africa has arich
diversity of heritage diets, often rich in vegetables, fruits, legumes,
grains and fermented products. Plant-based diets and fermented
foods are increasingly recognized for their beneficial immune

and metabolic effects®™. In contrast, Western-style diets, high in
calorie-dense and processed foods, drive metabolic dysfunction,
systemic inflammation and long-term immune cell reprogramming,
aphenomenon called ‘maladaptive trained immunity®’, which are
key drivers of NCDs®.

African populations are severely underrepresented in nutritional
andimmunological research, with limited dataavailable ontheimmune
and metabolic impact of African heritage diets (AHDs) compared to
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well-studied diets such as the Mediterranean or Japanese diet. In a
previous cross-sectional study of healthy Tanzanian individuals from
the Kilimanjaro region, we found that dietary patterns were asso-
ciated with cytokine responses, plasma proteome and coagulation
markers’ ™. Urban residents, with greater exposure to WD environ-
ments, exhibited astronger pro-inflammatory profile than those living
inrural areas. Most rural dwellers in the study were from the Chagga
tribe, whose heritage diet is predominantly plant-based, rich in fiber
and polyphenols, andincludes ‘Mbege’, afermented bananabeverage
made with finger millet'. Fermented foods, rich in bioactive microbes,
have garnered renewed interest for their health benefits, yet they are
becoming increasingly scarce in modern diets because of industrial
food processing™*.

Cross-sectional observational studies are limited in establish-
ing causal relationships and controlling confounders. Therefore, we
performed an open-label, randomized controlled trial to evaluate
the short-term and long-term immunometabolic effects of a short
dietary intervention in young Tanzanian men from rural and urban
backgrounds. The study investigated the effects of switching from a
Western-style diet to a Kilimanjaro heritage diet and vice versa, and
the effects of consuming the fermented beverage ‘Mbege’. Changes in
circulating leukocyte profiles, theinflammatory and cardiometabolic
proteome, whole-blood cytokine responses and transcriptome, and
plasmametabolome were assessed at baseline, immediately after the
intervention and 4 weeks later.

Results

Participant characteristics and dietary recall

Seventy-seven healthy adult men (median age = 25.6 years; interquar-
tilerange (IQR) =21-27.2) participated in an open-label, short dietary
intervention with 4-week follow-up to assessits longer-term immuno-
metabolic effects. Participants were recruited from 22 April 2021 to
3July 2021 with the final sampling on 9 August 2021. Baseline charac-
teristics are summarized in Extended Data Table 1. Participants with
abody mass index (BMI) of 18-25.9 were eligible for inclusion; how-
ever, four participants with a BMI > 26 were inadvertently included.
Dietary habits were assessed using three nonconsecutive 24-hrecalls,
including a festival or weekend day, and are summarized in Supple-
mentary Table 1.

The trial, depicted in Fig. 1a, consisted of three arms: (1) men
living in rural areas (n = 23) who habitually consumed a Kilimanjaro
heritage-style diet and switched to a Western-style diet for 2 weeks;
(2) men living in urban areas (n=22) who habitually consumed a
Western-style diet and switched to a heritage-style diet for 2 weeks;
and (3) men who habitually consumed a Western-style diet (n = 22)
and who consumed Mbege, a traditional fermented bananabeverage,
for1week. Five participants who maintained their habitual diets were
included in the first two arms as controls to assess diet-independent
effects (Supplementary Tables 2 and 3). Blood samples were collected
at three time points: baseline; after the intervention (immediately
after the 2-week dietary intervention or 1-week fermented beverage
intervention); and at the follow-up (4 weeks after the intervention).

In the group of participants switching from AHD to WD, one par-
ticipant withdrew before the start of the intervention and was excluded
from the analyses, while two participants in this arm and one control
lacked follow-up samples (CONSORT diagramin Extended Data Fig.1).
Outcomes were assessed based on sample availability and quality con-
trol (Fig.1a,b and Supplementary Table 4), and were adjusted according
to age, BMland activity level (Supplementary Table 5).

Meals were provided three times daily in the Uru Shimbwe Juu
village (AHD to WD switch) or Moshi town (WD to AHD switch).
Examples and a detailed description of switched diets are shown in
Fig.1cand Extended Data Table 2. Weight monitoring showed a notable
increase in the group who switched to a WD (median = 2.6 kg, IQR =
2.0-3.4 kg, P<0.001; Mann-Whitney U-test).

Multiomics overview ofimmunometabolic changes

Toassess theimpact of the intervention on the variance in plasma pro-
teome, cytokine production, plasma metabolome and whole-blood
transcriptome, which are primary outcomes of the trial, we con-
ducted variance partition analysis, using the intervention time
points as the primary variable, with age, BMI and physical activity
as covariates, and participant ID as a random effect (Extended Data
Fig. 2). Each intervention induced distinct immune and metabolic
adaptations both in the short (after the intervention versus base-
line) and long (follow-up versus baseline) term. Switching from an
AHD to a WD accounted for over 5% of variance in plasma proteome
(25.9%), cytokine production (40%), plasma metabolome (41.3%)
and whole-blood transcriptome (19.1%) features, respectively. These
effects largely persisted at the follow-up except for plasma proteome
variance, which reduced to 9.9%. Conversely, switching from a WD to
an AHD mainly influenced plasma proteome and metabolome,
explaining over 5% of variance in27% and 42% of features, respectively.
Fermented beverage consumption explained over 5% of variance in
plasma proteome (21%), cytokine production (23.3%), plasma metabo-
lome (35.6%) and whole-blood transcriptome (14.5%) features, with
sustained variation primarily in cytokine productionand whole-blood
transcriptome.

Plasmainflammatory and cardiometabolic proteomes

Next, we analyzed changes in circulating proteins related to inflam-
mation and metabolism, a prespecified primary outcome, using the
92-plex Olink inflammatory and cardiometabolic panels (proximity
extension assays, Olink Proteomics AB)". Relative protein concentra-
tions were analyzed for 162 proteins (89 cardiometabolic, 73 inflam-
matory; Supplementary Table 6) after excluding proteins with values
below the detection limits in more than 25% of samples. Differentially
abundant proteins (DAPs) were identified using a linear mixed model
(LMM) analysis and annotated to biological processes according to
the Human Protein Atlas (v.23.0). Analysis focused on proteins that
the time point variable explained over 5% of the variance (Methods
and Supplementary Table 6).

Principal component analysis (PCA) of participant-corrected
values revealed distinct shifts, which were more pronounced in par-
ticipants switching from a WD to an AHD (Extended Data Fig. 3a).
Participants switching from an AHD to a WD exhibited a significant
increase in 26 proteins (19 cardiometabolic and seven inflammation
panel) and a decrease in one protein after the intervention compared
tobaseline (Fig.2a,b, Supplementary Fig.1and Supplementary Table 7).
Amongthe mostupregulated proteins were CNDP1, THBS4 (implicated
in atherogenesis'®), ANGPTL3 and TWEAK (Fig. 2a,b). Key biological
processes linked to DAPsincluded ‘cell adhesion’ (for example, THBS2,
NID1, CDH1), ‘hydrolase activity’ (for example, CNDP1, PAM), ‘apopto-
sis’ (for example, TWEAK, TRAIL, TGFBI1) and ‘protease activity’ (for
example, ANGPTL3, uPA, F7) (Extended DataFig. 3b), suggesting early
pathological adaptations to a WD, characterized by systemic inflam-
mation and metabolic dysregulation.

In contrast, participants switching from a WD to an AHD exhib-
ited a significant reduction in 28 proteins (22 inflammation, 6 car-
diometabolic) and an increase in 6 proteins after the intervention
compared to baseline (Fig. 2a,c, Supplementary Fig. 2 and Supple-
mentary Table 7). These DAPs were linked to ‘cytokines, ‘inflammatory
response, ‘chemotaxis’ and ‘host-virus interactions’ (Extended Data
Fig.3b). Atthe follow-up, the changes had partially reversed; however,
several proteins, including chemokines (CXCL1, CXCL5, CXCL6, CXCLS,
CXCL10, CXCLI11, CCL4, CCL5, MCP2, MCP4), cytokines (IL-6, OSM,
IL-17C, TNFSF14) and others (CASP8, MMP1, CA1, CA3, STAMBP, ST1Al,
4E-BP), remained significantly decreased compared to baseline. CASP8
and ST1Alexhibited changes opposite to thosein the AHD to WD group.
In the control group, most DAPs remained unchanged, except for
reduced values of CAl (follow-up versus after the intervention) and
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¢ Examples of foods provided in the study arms

‘Chipsi Mayai’
(French fries with eggs),
chicken, mayonnaise
and tomato ketchup

Sausage, white bread
with margarine and
fruit jam

AHD

Traditional breakfast: ‘Ugali’ (stiff porridge from

finger millet porridge maize and cassava), okra,

with sour (fermented) green vegetables
milk and taro (‘mchicha’)

Fig.1|Schematic depiction of the trial. a, The study was conducted at the Moshi
district, Kilimanjaro region, Tanzania. Theillustration describes the dietary
interventions carried out in this study. After one participant withdrew from the
study before the end of the intervention, the first group included young rural-
living men (n = 22) who entered the intervention, whose habitual diet mainly
consisted of aKilimanjaro AHD and who changed for 2 weeks to a WD (top).
The second group consisted of urban-living young men (n = 22) whose habitual
diet mainly consisted of a WD, and who were switched for 2 weeks to a plant-
based, fiber-rich heritage-style diet (middle). In both groups, five controls who
remained on their habitual diet were also enrolled. The third group consisted
of young men (n =22) whose diet remained unchanged from their habitual WD,
but who were supplemented with consumption of alocally brewed fermented

‘Kiburu’ (boiled green
banana (plantain)
with kidney beans),
avocado

Sausage,
pancakes, fries

with ketchup, biscuits

Fermented banana
beverage

‘Mbege’
(traditional Chagga beer
made from fermented
bananas and millet)

bananabeverage (Mbege), approximately 11 per day for 1 week. Below each
group, the number of participants sampled at each of the time points (baseline,
t0; after the intervention, t1; and at the follow-up, t2), are presented in green,
orange and purple filled squares, respectively. b, In all study arms, samples for
hemocytometry, whole-blood cytokine responses and RNA sequencing (RNA-
seq), as well as plasma proteome and metabolome, were collected at three time
points: baseline (t0); on completion of the intervention (after the intervention)
(t1) (at week 2 for the dietary intervention and week 1 for the bananabeverage
intervention); and 4 weeks after completion of the intervention (t2) (‘follow-up’).
¢, Images of example foods and the fermented beverage provided in the study
arms. Schematicin a created using BioRender.com.
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CCLS (follow-up versus baseline) (Extended Data Fig. 3c and Supple-
mentary Table 7).

Consumption ofthe fermented beverage resultedinamore diverse
pattern of protein changes, with plasma concentrations of 29 pro-
teins (27 cardiometabolic, two inflammatory) increasing and three
inflammatory proteins decreasing after the intervention compared to
baseline (Fig.2a,d, Supplementary Fig. 3 and Supplementary Table 7).
At the follow-up time point, cardiometabolic proteins returned to
baseline butinflammatory markers, including CC chemokines (CCLS5,
CCL4, CCL28), MMP], IL-17A and OSM, remained lower than base-
line. This is consistent with Wastyk et al.>, who observed reductions
in inflammatory markers with a highly fermented food diet. In the
control group, most DAPs remained unchanged, except foradecrease
in CCL5 (follow-up versus baseline; Extended Data Fig. 3c and Sup-
plementary Table 7).

To confirm the inflammatory effects, plasma C-reactive protein
(CRP) concentrations were measured using a high-sensitivity enzyme-
linked immunosorbent assay (ELISA). Samples with values below the
detection threshold (24.4% of samples) were assigned the limit of
the detection value (0.2 mg I%; Fig. 2e). Using an LMM analysis as for
the Olink data, a significant increase in plasma CRP concentrations
was observed in participants switchingto a WD (after the intervention
versus baseline, P=0.020), while a trend toward reduced CRP concen-
trations was observed in participants switching to an AHD (follow-up
versus after the intervention, P=0.059), with no significant changes
inthe fermented beverage group.

Overall, switching to a Kilimanjaro heritage-style diet resulted in
sustained reductionsininflammatory and metabolic plasmaproteins.
Conversely, switching to a WD increased metabolic proteins and, to
alesser extent, inflammatory proteins, with minimal lasting effects.
Fermented beverage consumption induced a rapid shift in cardio-
metabolic proteins and asustained reductionininflammatory proteins.

Cytokine production capacity
Subsequently, we analyzed the effect of the interventions on cytokine
production capacity, a prespecified primary outcome. Whole blood
wasincubated with Candida albicans, Escherichia colilipopolysaccha-
ride (LPS), Mycobacterium tuberculosis (MTB), Salmonella enteritidis,
Staphylococcus aureus and the TLR3 agonist polyinosinic:polycytidylic
acid (poly(I:C)) for 48 h. Cytokines (tumor necrosis factor (TNF),
interleukin-6 (IL-6), IL-1B, IL-10, interferon-y (IFNy)) were measured in
supernatants using ELISAs, producing 30 cytokine response measures.
LMM analysis revealed that cytokine responses in participants
switching from an AHD to a WD declined in 12 and 14 measures after
the intervention and at the follow-up, compared to baseline, respec-
tively, while four measuresincreased after the intervention compared
to baseline. Despite elevated plasma inflammatory proteins (Fig. 2a),
TNF and IFNy responses to all stimuli, except poly(I:C), decreased
after the intervention (Fig. 3a, Supplementary Fig. 4a and Supple-
mentary Table 8), which is consistent with reduced cytokine produc-
tion commonly observed in inflammatory conditions such as aging",
obesity™, endotoxemia'® or sepsis®. The largest decline was observed

for C. albicansresponses, especially in IFNy, but alsoin other cytokines
(Fig.3b).IL-1B8 and IFNy responses to poly(I:C) initially increased after
the intervention, but this effect was not sustained at the follow-up
(Fig. 3a and Supplementary Fig. 4a). IL-6 responses to LPS, S. aureus,
C.albicans,MTB and . enteritidis decreased at the follow-up compared
to baseline (Fig. 3a).

Conversely, switching from a WD to an AHD resulted in only few
changes (Fig. 3¢, Supplementary Fig. 4b and Supplementary Table 8).
At the follow-up, TNF, IL-1B, and IFNy responses to S. aureus and TNF
responses to S. enteritidis were decreased compared to both baseline
and after the intervention. In contrast, IL-1p responses to MTB showed
anincrease at the follow-up compared to baseline and after the inter-
vention (Fig. 3¢c,d). Finally, the fermented beverage group showed
increased responses of the anti-inflammatory cytokine IL-10 after the
intervention and at the follow-up compared to the baseline, alongside
increased TNF, IL-1B, IL-6 and IL-10 responses to C. albicans (Fig. 3e,f,
Supplementary Fig. 4c and Supplementary Table 8). In contrast, the
transitioningtoa WD led to amarked declinein C. albicansresponses.

In summary, the interventions had notable effects on cytokine
production. Switching toa WD reduced TNF and IFNy production, while
the fermented beverage increased anti-inflammatory IL-10 responses
and enhanced C. albicans cytokine responses.

Plasma metabolome

Dietinfluences plasmametabolome composition”, withimmunomodu-
latory effects from food-derived and microbiome-derived metabo-
lites. We analyzed the plasma metabolome, a prespecified primary
outcome, using untargeted metabolomics, identifying 1,266 ions
and 1,339 molecular formulas, with 935 metabolites annotated in the
Human Metabolome Database (HMDB) (Methods and Supplementary
Table 9). PCArevealed altered metabolic profiles after the intervention
across allarms compared to baseline (Extended DataFig.4a). An LMM
analysis was applied to detect differentially abundant metabolites
(DAMs) (absolute fold change greater than 1.2, P,4; < 0.05), focusing
on metabolites where time points accounted for more than 5% of the
variance (Supplementary Table 10). DAMs observed in control par-
ticipants were reported in the downstream analysis (Supplementary
Fig.5and Supplementary Table 10). Metabolites were classified into 14
chemical groups; pathway enrichment analysis was conducted using
the Relational Database of Metabolomics Pathways (RaMP) (https://
rampdb.nih.gov/), focusing on WikiPathways terms (1,377 pathways,
3,966 metabolites and 14,191 metabolite-pathway associations)
to identify metabolites within or influencing specific pathways
(Supplementary Table 11)*.

Transitioning from the AHD to WD resulted in 309 DAMs. Among
these, 63 metabolites increased and 58 decreased after the interven-
tion compared to the baseline, while 13 increased and 51 decreased
at the follow-up compared to the baseline (Fig. 4a). Furthermore, 43
metabolites increased and 81 decreased at the follow-up compared
to after the intervention. Top DAMs and their chemical classes are
shownin Extended Data Fig. 4b. Pathway enrichment analysis revealed
increasesin metabolites linked to ‘glucose homeostasis’, the ureacycle

Fig. 2| Differentially abundant inflammatory and cardiometabolic proteins.
Targeted plasma proteomics was conducted using the inflammatory and
cardiometabolic Olink panel. Plasma CRP concentrations were measured using
ELISA. Samples were obtained at baseline (t0), after the intervention (t1, week 2
for the dietary intervention and 1 week for the fermented beverage intervention)
and 4 weeks later (t2, follow-up). Statistical analysis was carried out for
participants who completed the full study, thatis n = 20,22 and 22 in the WD, AHD
and fermented beverage intervention groups, respectively. Statistical analysis
was carried out using an LMM for each comparison with a two-sided hypothesis
test. Fixed effectsincluded time point, baseline BMI, age and physical activity
level; participant ID was included as arandom effect. a, Triangle plots present
DAPs inthe (I) WD, (II) AHD and (Ill) fermented beverage intervention groups.

The direction of the arrow (up or down) indicates the direction of change,
comparing late versus early time points in each comparison as listed at the
bottom of the plot, with the color fill depicting the log, paired fold change value
for each comparison. b-e, Combined box and line plots with the group trend line
indicating the levels of measured parameters at the three time points. Lines are
grouped per participant. Protein concentrations are presented as Normalized
Protein eXpression (NPX) values for Olink measures (switch to WD (b), switch to
AHD (c) and fermented beverage (d)) or log,-transformed CRP levels (mg ml™, e).
Inallbox plots, the line defines the median level, the hinges depict the 25th and
75th centiles and the whiskers extend to +1.5 times the IQR. The asterisks indicate
the significance level based on Benjamini-Hochberg-adjusted P values (*P < 0.05,
*P<0.01,**P<0.00L, ***P<0.0001).
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(for example, ‘biomarkers for urea cycle disorders’), tRNA amino-
acylation’ and ‘tryptophan catabolism’ after the intervention (Fig. 4a
and Supplementary Table11), presumably reflecting the higher animal
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acid synthesis’ pathway was enriched at the follow-up compared to after
theinterventionand baseline. The omega-3 polyunsaturated fatty acid
eicosapentaenoic acid (EPA) significantly decreased after the interven-
tion compared to the baseline, while docosahexaenoic acid (DHA)
showed a trend toward decreasing (P = 0.09), with both increasing
again at the follow-up (Fig. 4b,c and Supplementary Table 11). Arachi-
donicacid (ARA) and its pro-inflammatory metabolite leukotriene B4
transiently decreased after the intervention and significantly increased
at the follow-up, alongside a rise in 20-carboxy leukotriene B4 after
the intervention (Fig. 4b,c). Lastly, dopamine and dopamine sulfate
transiently decreased after the intervention, which is consistent with
studies linking high-fat diets to hypodopaminergic effects®.

Switching from a WD to an AHD resulted in 334 DAMs. Among
these, 93 metabolitesincreased and 41 decreased after theintervention,
while 74 increased and 24 decreased after the intervention compared
tothebaseline (Fig.4a). Thetop increased DAMs after the intervention
compared to the baseline included the fatty acids dodecanoic acid
(lauricacid) and cis-4-decenoic acid (Extended Data Fig. 4b). Dodeca-
noic acid was suggested to improve mitochondrial function and glu-
cose and lipid metabolism®*. Additional DAMs thatincreased included
benzoicacid, trans-piceid (aresveratrol glycoside with cardiovascular
benefits)* and fumaric acid (a tricarboxylic acid cycle intermediate
and immunomodulator)®. In the controls, with the exception of ben-
zoic acid, these metabolites were not differentially abundant or were
only observed as differentially abundant at the follow-up compared
to the baseline (Supplementary Fig. 5 and Supplementary Table 10).
Amongthetop DAMs that decreased after the intervention were cresol,
p-cresol sulfate and indoxyl sulfate, which returned to baseline levels
atthe follow-up. Thelatter two metabolites, produced via tyrosine and
tryptophan fermentation by gut bacteria, are known to decrease with
vegetarian diets”. Pathway enrichment analysis linked increased DAMs,
such as the omega-3 polyunsaturated fatty acids docosahexaenoic
acid (DHA), docosapentaenoic acid (DPA) and EPA, as well as arachi-
donic acid, dodecanoid acid and fumaric acid, to ‘omega-9 fatty acid
synthesis’, ‘omega-3/omega-6 fatty acid synthesis’, ‘neurotransmitter
release cycle’ and ‘incretin synthesis, secretion and inactivation’ path-
ways, with varying roles depending on the metabolite (Fig.4a,d,e and
Supplementary Table 11).

Consumption of the fermented beverage resulted in 177 DAMs,
with 79 metabolites increasing and seven decreasing after the
intervention compared to the baseline, and 29 increasing and nine
decreasing at the follow-up compared to the baseline (Fig. 4a and
Supplementary Table 10). Notable increases were observed inmetabo-
lites of the ‘flavan-3-ol metabolic pathway’, including hippuric acid,
hydrocinnamic acid, p-hydroxyphenylacetic acid, pyrocatechol and
valerolactone-O-sulfate (Fig. 4f,g, Extended Data Fig. 4b and Sup-
plementary Table 11). These metabolites, formed by gut microbial
breakdown of dietary polyphenols, have been associated with vascular
health and anti-inflammatory effects®. The sustained decrease in
cysteinylglycine (a glutathione breakdown product) and transient

increasein tyrosol (amicrobial metabolite of polyphenols), and organic
sulfates like 4-ethylphenyl sulfate, may highlight microbial fermenta-
tion effects (Fig. 4g and Extended Data Fig. 4b)”.

In summary, the dietary switch and fermented beverage both
had distinct effects on metabolic pathways related to glucose, lipid,
fatty acid and amino acid metabolism, and pathways associated with
inflammation.

Whole-blood transcriptome

We also analyzed changes in the prespecified primary outcome of
whole-blood transcriptome. We performed differential expression
analysis (P,4;< 0.2, no fold change cutoff), considering both the indi-
vidual and control group of each intervention arm (Methods). PCA of
the transcriptome alterations revealed subtle shifts across the first
(PC1) and second (PC2) PCsin the participants switching toa WD and
those in the fermented beverage group intervention, both after the
intervention and at the follow-up, compared to the baseline (values
corrected for participant; Extended Data Fig. 5a).

The switchfromthe AHD to WD resulted in the most differentially
expressed genes (DEGs), with 97 upregulated and 26 downregulated
after theintervention compared to the baseline, and 410 upregulated
and 163 downregulated at the follow-up compared to the baseline
(Fig. 5a). In contrast, the switch from WD to AHD had minimal effects,
withseven upregulated and seven downregulated genes after the inter-
vention compared to the baseline, and no differences at the follow-up
compared to the baseline. Fermented beverage consumption resulted
in26 upregulated and104 downregulated DEGs after the intervention
compared to the baseline and 15 upregulated and 58 downregulated
genes at the follow-up compared to the baseline (Fig. 5a and Supple-
mentary Tables 12-14).

In participants switching to a WD, upregulated genes after the
intervention were enriched for Gene Ontology (GO) terms related to
reactive oxygen species (ROS), including ‘response to ROS’, ‘cellular
response to hydrogen peroxide’ and ‘positive regulation of ROS pro-
duction’, and pathogen defense terms such as ‘response to fungus’ and
‘defense responsetobacterium’ (Fig. 5b,c and Supplementary Table 15).
Key genes included SI00A8, MPO, MMP8 and DEFA3 and DEFA4, all
strongly expressed in neutrophils®’. In contrast, downregulated DEGs
at the follow-up compared to the baseline were related to adaptive
immunity, showing enrichmentin processes such as ‘immunoglobulin
production’, ‘positive regulation of T cell activation’and ‘MHC class I
protein complex assembly’, including several human leukocyte anti-
gen (HLA) genes (Fig. 5b,d and Supplementary Table 15). Upregulated
genes at the follow-up compared to the baseline were associated with
posttranscriptional modification terms, suchas ‘production of miRNA
involved in gene silencing’ and ‘histone modification’ (Fig. 5b and
Extended Data Fig. 5c).

Inthe fermented beverage group, downregulated genes after the
intervention compared to the baseline were linked to cellular migra-
tion processes, including ‘positive regulation of cell migration’ and

Fig. 3| Changes in whole-blood cytokine production to stimulation with
several microbial stimuli. Whole blood collected at baseline (t0), after the
intervention (t1: week 2 for the dietary intervention group and week 1 for the
bananabeverage intervention group) and 4 weeks later (t2, follow-up), was
subjected to 48-h ex vivo stimulation using the following stimuli: C. albicans
hyphae (110" ml™), E. coli LPS (10 ng mI™), MTB (5 pg ml™), S. enteritidis
(1x10°ml™), S. aureus (1x 10° ml™) and the TLR3 agonist poly(I:C) (50 pg ml™).
Cytokine concentrations were measured in the supernatants at three time points
for participantsin the WD (n =21), AHD (n =22) and fermented beverage (n = 22)
study arms using ELISA. Statistical analysis was carried out using an LMM for each
comparison with a two-sided hypothesis test. Fixed effects included time point,
baseline BMI, age and physical activity level, while participant ID was included
asarandomeffect. a,c,e, Arrow plots depicting statistical comparisons between
time points for switch to WD (a), switch to AHD (c) and fermented beverage (e):

after the intervention (t1) versus baseline (t0), follow-up (t2) versus after the
intervention (t1), and follow-up (t2) versus baseline (t0). The arrows indicate
the direction of change compared to the earlier time point in each comparison
(up or down); thefill color represents the log, paired fold change, indicating
the size and direction of change (red to blue, with up or down changes shown
by the colors). The asterisks indicate the significance level of the Benjamini-
Hochberg-adjusted Pvalue (*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001).
b,d,f, Combined box and line plots with the group trend line indicating
concentrations of measured parameters at the three time points (switch to
WD (b), switch to AHD (d) and fermented beverage (f)). Lines are grouped per
participant. Cytokine production is presented as the log, concentrations of IFNy,
IL-10, IL-1B, IL-6 and TNF in the supernatant. In all box plots, the box line defines
the median level, the hinges depict the 25th and 75th centiles and the whiskers
extend to +1.5 times the IQR. *Change in control group.
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‘regulation of cell development’,including genes such asACTN4, STAT3,
DIAPH1, NOTCH1 and NOTCH2, LRP1, JAKI and SEMA4D (Fig. 5e,f and
Supplementary Table 16). Transcription factor enrichment analysis
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identified STAT3, STAT5B and SON DNA binding protein (anintracellular
infection mediator in macrophages)*, and ELF4 (aknown regulator of
IFN induction)®, as key regulators of downregulated DEGs (Extended
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Fig. 4| Pathway enrichment analysis for plasma DAMs. a, For each dietary arm
and time comparison, the top bar plots present the number of DAMs at each time
point. AnLMM was used for each comparison with a two-sided hypothesis test.
Fixed effects included time point, baseline BMI, age and baseline physical activity
level; participant ID was included as arandom effect. Significance level was set

to Benjamini-Hochberg-adjusted P < 0.05 and absolute paired fold change
greater than 1.2. The lower dot plots present the top eight significantly enriched
WikiPathway metabolic pathways for DAMs using a Fisher’s exact test via the
RaMP database. The color indicates the direction of the DAM, up or downinred or
blue, respectively. The size of the dots depicts the number of metabolites related
to the pathway. Pathways are ordered alphabetically. b,d,f, Heatmaps showing

examples of the enriched pathways discussed in the main text for switchto WD (b),
switchto AHD (d) and fermented beverage (f), with the fill color indicating the
relevant log, paired fold change. c,e,g, Respective associated DAMs for switch to
WD (c), switch to AHD (e) and fermented beverage (g) are shown in combined box
and line plots with the group trend line indicating concentrations of measured
parameters at the three time points. Lines are grouped per participant. Inall

box plots, the line defines the median value, the hinges depict the 25th and 75th
centiles and the whiskers extend to +1.5 times the IQR. ADA, adrenic acid; ARA,
arachidonic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid;

EPA, eicosapentaenoic acid; LTB4, leukotriene B4; ALA, alpha-linolenic acid;
Valerolactone, 5-(hydroxyphenyl)-gamma-valerolactone-O-sulphate.

DataFig.5d and Supplementary Table17). Moreover, aryl hydrocarbon
receptor expression encodes a transcription factor responsive to
metabolites such as indole-lactic acid and from fermented foods; its
targets were increased (Extended Data Fig. 5d and Supplementary
Table 17)*. Comparing the follow-up with the baseline, a decrease in
genes related to inflammation progression and resolution pathways
was observed. Thisincluded pathways such as ‘cell activationinvolved
inimmune response’, ‘response to wounding’, ‘acute phase response’
and ‘positive regulation of cellular component movement’, with key
genessuchas/L6R, DOCK2, DOCKS, DOCKS8, DIAPHI1 and LRPI (Fig. 5e,g
and Supplementary Table 16).

In summary, these results support that a WD is associated with
upregulation in genes of the innate immune system, whereas the
fermented banana beverage induced a more anti-inflammatory
transcriptional profile.

Safety and adverse events

Possible adverse events were monitored through spontaneous report-
ingbecause therisks of the short-term dietary interventions were con-
sidered minimal. Participants were instructed to report any adverse
events to the study team, but none occurred.

Post-hoc analyses of circulating leukocyte activation

We conducted a post-hoc analysis to assess the intervention’s impact
oncirculatingleukocyte subsets and activation status. Using a Sysmex
XN-450 hematology analyzer with its extended inflammation parame-
ters, we measured complete blood counts and activation parameters for
lymphocytes (reactive lymphocytes (RE-LYMPHs)), monocytes (reac-
tive monocytes (RE-MONOs)) and neutrophils (neutrophil reactivity
intensity (NEUT-RI) and neutrophil granularity intensity (NEUT-GI))**.
LMM analysis revealed significant leukocyte changes, predominantlyin
participants switching to a WD, with smaller effectsin participants con-
suming the fermented beverage (Fig. 6a and Supplementary Table 18).
Switching toaWD increased white blood cells, neutrophils,immature
granulocytes, NEUT-RI, monocytes, RE-MONOs and RE-LYMPHSs from
baseline to after the intervention (Fig. 6a,b). While white blood cell
counts returned to baseline levels at the follow-up, activation mark-
ers (NEUT-RI, NEUT-GI, RE-MONOs, RE-LYMPHSs) remained elevated,
suggesting persistent immune cell activation. Conversely, switching
to an AHD showed no significant leukocyte changes. The fermented

beverage reduced NEUT-RI after the intervention, with effects per-
sisting at the follow-up, alongside lower immature granulocytes and
higher basophil percentages (Fig. 6a,c). No significant changes were
observed inthe control participants maintained on their habitual diet
(Supplementary Table 18).

Overall, theintervention substantially influenced leukocyte num-
bersand phenotype, with the WD promoting myelopoiesis andimmune
cell activation, while the fermented beverage reduced neutrophil
activation.

Independent validation via cross-sectional cohort

Tovalidate the findings, we analyzed data from the 300 Tanzania func-
tional genomics (TZFG) cohort, a cross-sectional study of urban- or
rural-living Tanzanians (n = 295) from the same region. Participants
were previously categorized into ‘Kilimanjaro heritage-style diet’
(n=138) and ‘Western-style diet’ clusters (n=157) based on food-derived
plasma metabolome profiles (Extended Data Fig. 6a)°. Differential
analysis using the Olink inflammation panel identified 18 proteins
that were lower in the heritage-style diet cluster compared to the
Western-style diet cluster (Supplementary Table19). Among these, 83%
(15 proteins) also decreased in the current WD to AHD arm (Extended
Data Fig. 6b,c and Supplementary Table 19). These proteins included
the chemokines CXCL1, CXCL5, CXCL6, CXCL11, MCP2 and MCP4.

Discussion

AHDs arerapidly being replaced by WDs across the continent. Inarand-
omized controlled trial, we found that switching toaWD impacted key
metabolic pathways linked to NCDs and induced a pro-inflammatory
stateinvolving leukocytes, inflammatory mediators and gene expres-
sion.In contrast, the switchto alargely plant-based heritage diet typi-
cal for the Kilimanjaro region and the fermented beverage primarily
induced anti-inflammatory effects. Some of these changes persisted
for 4 weeks after the intervention, demonstrating a sustained impact.
This study highlights theimmunometabolic consequences of dietary
transitions and suggests their potential effects beyond ashort dietary
intervention.

Theheritage dietin thisstudyisrichingreenvegetables, legumes,
plantains, root and tuber crops, including cassavaand taro, and whole
grains (millet, sorghum), providing dietary fiber and bioactive com-
pounds like polyphenols, known for their anti-inflammatory properties

Fig. 5| Whole-blood transcriptome differential expression analysis.
Whole-blood transcriptome data were analyzed for participants in the AHD to
WD switchgroup (n =22), the WD to AHD switch group (n =22) and the fermented
beverage group (n =21). Blood samples were collected at three time points:
baseline (t0), after the intervention (t1) and the follow-up (t2), 4 weeks after
the end of the intervention. Five control individuals for each dietary arm were
included in the differential expression analysis, using DESeq2. The model
designincorporated the individual (ind.n), intervention (diet versus control)
and time point (baseline, after the intervention or at the follow-up) as

follows: ~intervention + intervention:ind. n + intervention:time point.
Differential expression analysis was performed between time points using
the Benjamini-Hochberg method for Pvalue adjustment and independent

hypothesis weighting (IHW). A two-sided significance threshold was set at
adjusted Pvalue < 0.2, with no fold change cutoff. a, Ascheme presenting the
number of DEGs for each comparisonin each of the intervention arms are
presented. b,e, Dot plots presenting the results of gene set overrepresentation
analyses for GO terms performed with the DEGs from each comparison for

the switch to WD (b) and fermented beverage (e). The size and color of the

dots depict the gene ratio and Benjamini-Hochberg-adjusted P, respectively.
c,d,f.g, Tile plots presenting the log, fold change of the genes related to selected
enriched GO terms for switch to WD (after intervention (t1) versus baseline (t0)
(c) and follow-up (t2) versus baseline (t0) (d)), and the fermented beverage
(after intervention (t1) versus baseline (t0) (f) and follow-up (t2) versus
baseline (t0) (g)).
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and beneficial metabolic effects®**°. Additionally, this diet promotes  revealed changesin several classes of immunomodulating compounds
afavorable gut microbiome composition and production of beneficial and metabolic pathways, including microbiota-derived metabolites.
metabolites*’. Our plasma proteomics and metabolomics analyses  Notably, in the AHD group, inflammatory proteins decreased without
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Fig. 6| Changes in the number and activation status of circulating white blood
cells. a, Triangle plot presenting the significantly different leukocyte parameters
across the baseline (t0), after the intervention (t1, 2 weeks for diets and 1week
for fermented beverage) and at the follow-up (t2, 4 weeks after t1) time points
(n=22from each diet). Parameters were measured using the XN-450 hematology
analyzer (Sysmex). The direction of the arrows (up or down) indicates the
direction of change, comparing late versus early time points in each comparison
aslisted at the bottom of the plot. An LMM was used for each comparison, with
atwo-sided hypothesis test. Fixed effects included time point, baseline BMI,

age and baseline physical activity level, while participant ID was included as a

t0 t1 t2

random effect. The asterisks indicate the significance level based on Benjamini-
Hochberg-adjusted Pvalues (*P< 0.05, **P < 0.01,**P < 0.001, ***P < 0.0001).
b,c, Combined violin, box and line plots depicting the values of the measured
parameters (switch to WD (b) and fermented beverage (c)) across the three time
points with participant-specific lines linking observations. In all box plots, the
central line represents the median, the hinges indicate the 25th and 75th centiles,
and the whiskers extend to +1.5 times the IQR. NEUT-Rl and NEUT-Gl values are
expressed in fluorescence intensity (FI) units and scatter intensity (SI) units,
respectively. WBC, white blood cell count.

changes in circulating leukocytes or gene transcription, suggesting
thatits anti-inflammatory effects stem from modulation of metabolic
processes in tissues and possibly the microbiome, rather than leuko-
cyte transcriptional regulation. The immunometabolic benefits of
this diet probably stem from synergistic interactions among diverse

foods and bioactive compounds, rather than any single component,
apattern also seen with the Mediterranean diet*.

The WD, richin calorie-dense processed foods, saturated fats, salt
and refined carbohydrates, promotes inflammation. This probably
results from both direct immunometabolic effects of cholesterol,

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03602-0

saturated lipids and sugars, and indirect effects via gut dysbiosis and
weight gain®*.

Our study also highlights the potential health benefits of tradi-
tional African fermented beverages*. The Chagga tribe’s heritage beer,
Mbege, is prepared by fermenting boiled bananas with germinated
finger millet porridge (Eleusine coracana). The beverage has an alco-
hol content of 1-3%, depending on the duration of fermentation'*.
Besides the health-promoting compounds naturally present in bananas
and millet, fermentation enriches Mbege with bioactive metabolites
and microbes, such as Saccharomyces cerevisiae and lactobacilli**.
Consumption of Mbege reduced, among others, neutrophil acti-
vation and boosted cytokine responses to Candida. We previously
showed that -glucan from S. cerevisiae is a potent inducer of trained
immunity®. Metabolites like tyrosol, produced by S. cerevisiae*®, were
elevated in the participants in the Mbege arm, and therefore support
its immunomodulating effects. Moreover, the flavan-3-ol pathway,
which involves a subclass of polyphenols with recognized vascular
benefits®, emerged as one of the most upregulated metabolic pathways
in the Mbege arm. However, consumption of these fermented bever-
ages should be balanced against risks such as the alcohol content and
potential mycotoxin contamination.

Chronicinflammationis akey driver of many NCDs®; studies have
linked low-inflammatory diets to reduced risks of CVD, type 2 diabe-
tes and cancer**%, Adherence to the Mediterranean diet has shown
benefitinboth primary and secondary prevention of CVD***°. Our study
found thatevenbrief dietary interventions can have prolonged effects
on the immune and metabolic systems. While we cannot entirely rule
out that some sustained effects were due to continued adherence to
the intervention diets, participants were instructed to revert to their
habitual diets after the intervention. Additionally, the limited avail-
ability of Western-style food productsin rural areas makes continuous
consumption of a WD unlikely. The persistent changes in neutrophil
count and activation, inflammatory and cardiometabolic proteins, and
transcription of immune-related genes at 4 weeks after the interven-
tion alignwith prior experimental murine studies showing that the WD
induces amaladaptive ‘trained immunity’ program and that alternating
high-fat diets stimulate myelopoiesis, increasing neutrophil counts
and progenitor reprogramming, thereby promoting atherosclerosis””,
The role of neutrophils in CVD is increasingly recognized®. Notably,
the Mediterranean diet hasbeenreported to reduce neutrophil counts
and carotid intima-media thickness®.

Therapidrise in obesity and NCDs across Africa underscores the
need for sustainable, region-specific interventions. Preserving the
consumption of heritage diets orincorporating indigenous and tradi-
tional foodsinto dietary practices could have a critical rolein prevent-
ing and managing NCDs. However, Africa’s diverse heritage diets are
largely understudied, and the field of nutritional immunology in this
contextisstill emerging. Policymakers often rely on findings from the
Global North, which do not account for regional dietary, cultural and
genetic differences. Our study provides direct evidence of the health
risks of dietary westernization and the benefits of heritage diets and
indigenous beverages, emphasizing the need for further research to
exploretheir healthimpacts before they arelost to globalization, ensur-
ing culturally appropriate and sustainable public health solutions.

Our study also has a few limitations. First, food was offered ad
libitum, and the intervention was not isocaloric, resulting in a weight
gaininthe AHD to WD switch group, which may have influenced immu-
nometabolic profiles™. Second, the dietary intervention was short,
although similar or even shorter interventions have demonstrated
important immune effects. For example, a 2-week intervention with
avegan or ketogenic diet induced marked immune and gut microbi-
ome changes*, while a 5-day fiber-poor diet was sufficient to alter host
responses inboth mice and humans®. Furthermore, our controlled set-
ting established abaseline for short-term dietary responsesin African
environments, laying the foundation for futureresearch onlong-term

effects. Third, our study included only men because of cultural logistics
and confounding variables. Future studies should include women and
diverseage groups. Fourth, the sample size is relatively small, although
it is comparable to other multiomics dietary studies*’. Sample size
calculations were based on functional immune responses rather than
multiomics data, given the challenges in defining meaningful effect
sizesfor large, complex multiomics datasets. The homogeneous study
population and the largely consistent direction of inflammatory and
metabolic changes in the intervention groups, reduce the likelihood
that our findings are due to chance. Fifth, the study only provided
molecularinsights into short-term changes inimmunometabolic fea-
tures and pathways because of dietary practices but did not assess
long-term clinical outcomes. Sixth, plasma metabolomics analysis used
anontargeted, high-throughput method relying on m/z ratios, which
may lack specificity for definitive metabolite identification. Lastly,
while the Chaggatribe’s plant-rich and fiber-rich diet aligns with healthy
dietary practices, Tanzania has over 100 tribes with varied diets. Thus,
findings may not be generalizable to all heritage diets in the region.

In summary, our findings highlight the substantial impact of
dietary changes on bothimmune and metabolic systems, with impli-
cations for infection susceptibility and NCDs. They underscore the
importance of preserving essential elements of AHDs, including fer-
mented products, to mitigate the rising burden of NCDs and immune
dysregulation in sub-Saharan Africa. As WDs increasingly replace
indigenous diets, documenting the health benefits of heritage diets
remainsimportant.
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Methods

Study area

This study was conducted in the Moshi district in the Kilimanjaro
region of northeastern Tanzania between April and August 2021,
which coincides largely with the wet season. Moshi town serves as the
administrative, commercial and educational center for the region,
with a population of approximately 220,000 inhabitants. Moshi town
borders the foothills of the southern slopes of Mount Kilimanjaro.
Thesefoothills arerural areas where peoplelive insmaller villages and
areengaged insubsistence agriculture and animal husbandry. Most of
the people living in the foothills belong to the Chagga tribe. For this
study, rural dwellers were mainly recruited from the village of Uru
ShimbweJuu, whichis located approximately 15 km from Moshi town
atanelevation of 1,978 m.

Participants and eligibility

Two cohorts of healthy volunteers assigned male at birth were
recruited: (1) males residing in the rural village of Uru Shimbwe Juu or
its environs, adhering to a predominantly Kilimanjaro heritage diet;
and (2) males residing in Moshi town, adhering to a predominantly
Western-style diet. Sex was determined based on self-report. Informa-
tion about the study was disseminated through leaflets, community
talks and announcements during church gatherings. Dietary habits
in eligible volunteers who agreed to participate were assessed using
adietary recall questionnaire, conducted over three nonconsecutive
24-h periods in 1 week, including 1 weekend day. The questionnaire
captured details on different foods, as well as estimated portion sizes
(small, mediumor large) and preparation methods for each food item.
Questionnaires were evaluated by a nutritionist to ensure participants
were adhering to either a diet typical of the Kilimanjaro region or a
Western-style diet. This assessment relied primarily on the nutrition-
ist’s expertise and knowledge of local dietary habits, rather than a
standardized set of criteria, incorporating traditional understanding
of food patterns.

Only participants adhering to either aKilimanjaro heritage-style
diet or Western-style diet were further considered for participation.
Other inclusion criteria were age 20-40 years, BMI between 18 and
25 kg m™, residing in either the rural or urban areas of Moshi for a
minimum of 1month preceding the study, and commitment to stayin
the study area throughout the intervention period. Exclusion criteria
were a positive result of human immunodeficiency virus or malaria
rapid test, notable blood pressure abnormalities, elevated fasting
blood sugar level, food allergies, recent acute iliness, use of medica-
tion, antibiotics or vaccination in the last 3 months, previous hospi-
talization within the past year, presence of chronic conditions such
as active malignancy, liver or kidney disease, tuberculosis, chronic
hepatitis B or C infection, or unwillingness to consume alcohol. A
standardized questionnaire was used to collect meta-data, lifestyle
information, health status and daily activities, including tobacco use,
physical activity level, medical history, medication use and vaccination
records.

Participants’ physical activity was assessed by inquiring about
theirengagementin daily walking and sports activities. For descriptive
purposes (Extended Data Table 1), sports activity levels were classified
asfollows: very active (more than 2 h of daily activity); active (uptolh
daily or up to 2 h on some days); less active (up to 1 h on some days or
only onweekends); and not active (no reported activity). Daily walking
was categorized into three groups: less than 30 min; 30-60 min; or
more than 60 min per day. For downstream analysis, we summarized
these two estimations of physical activity with the scoring system
provided in Supplementary Table 1. Briefly, engaging in any sports
activity was scored as 2, and no sports activity as 1. The frequency of
sports activity was scored as 1, 2 or 3 for ‘only weekend’, ‘some days
inaweek’ and ‘every day’, respectively. Duration of daily walking was
scored between1,2and 3 forless than 30 min, between 30 and 60 min

and more than 60 min per day, respectively. Means of transportation
was scored as 1 for private or public vehicle transportation or 2 for
physical transportation (walking or bicycle). Scores values were scaled,
and a sum of physical activity level was generated for each individual
(Supplementary Table 5).

The current study was approved by the Ethical Committees of the
Kilimanjaro Christian Medical University College (KCMUCo) (no.2483)
and the National Institute for Medical Research in Tanzania (no. NIMR/
HQ/R.8a/Vol.IX3570). Participant recruitment and experimental pro-
cedureswere conducted according to the principles mentionedin the
Declaration of Helsinki (2013). All participants gave written informed
consent before recruitment.

Design and procedures

The study was designed as an open-label, prospective interven-
tion study with three arms: (1) rural-living men with a Kilimanjaro
heritage diet who shifted to a Western-style diet for two weeks;
(2) urban-living men with a Western-style diet shifting to a heritage
diet for 2 weeks; and (3) men with a Western-style diet starting daily
consumption of the fermented drink ‘Mbege’ for 1 week (fermented
beverage arm). To assess for dietary-independent effects, five controls
who remained on their habitual diet were also included in the first
two arms.

Randomization

Participantsinthe dietary intervention arms were randomized to either
the dietary intervention (n =23 in the AHD to WD arm; n=22 in the
WD to AHD arm) or remaining on their habitual diet (n =5ineacharm,
‘controls’). No controls wereincluded in the fermented beverage arm.
Randomization was conducted by anindependent statistician using a
lottery method. Each preselected participant was assigned a number
based on the dietary assessment, from which five numbers (controls)
were randomly selected.

Intervention diets and procedures

The switch group received freshly prepared meals from a cook three
times daily (breakfast, lunch and dinner) at a central cooking location
ineither Uru ShimbweJuu village or in Moshi town. Food was provided
ad libitum and consumed under supervision. Portion sizes were not
quantified. Inthe fermented beverage arm, participants were directed
to consume at least 11 of the beverage daily between 16:00 to 17:00
while maintaining their usual diet. The beverage, produced fresh daily
by onelocal manufacturer, was dispensed at a central location in Moshi
town and intake was supervised. Intake of this fermented beverage
was restricted in the other groups. Blood samples were collected at
baseline, after theintervention (2 weeks for the dietary switch, 1week
for the fermented banana beverage), and 4 weeks thereafter for the
follow-up. For the rural group, samples were collected at the field site
in Uru Shimbwe Juu, while for the urban group, samples were collected
at the Kilimanjaro Clinical Research Institute (KCRI) research unit in
Moshi town.

The dietary intervention diets are detailed in Extended Data
Table 2. Using the Tanzania Food Composition Table®, we retrospec-
tively calculated the nutrient composition of the intervention diets
offered to participants. Because of the absence of recorded portion
sizes, macronutrient contributions to energy intake were calculated
per 100 g of food and adjusted based on typical daily intake, assum-
ing standard portion sizes. In the WD, carbohydrates contributed
approximately 55% of total energy, primarily from refined sources
such as refined maize flour (used for making stiff porridge, ‘ugali’),
pancakes, potato chips, white rice, macaroni and fried plantains. Fats
accounted for 23% of total energy, mainly from fried foods like fried
chicken, beef, potato chips, ‘chips mayai’ (alocal dish combining potato
chipsand eggs) and pancakes. Protein contributed 16% of total energy,
with chicken, beef and eggs as the primary sources. Simple sugars and
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dietary fiber contributed 2.2% and 3.5% of total energy, respectively.
In contrast, the Kilimanjaro AHD provided 60% of total energy from
carbohydrates, mainly derived from whole grains, roots and tubers,
such as taro and boiled sweet potatoes. Protein contributed 11% of
total energy, primarily from meat, local free-range chicken and fish.
Fats accounted for 7% of total energy, while simple sugars and dietary
fiber contributed 7% and 14% of total energy, respectively.

Outcomes

The prespecified primary outcomes were the changes in (1) circu-
lating inflammation-related biomarkers; (2) the capacity of the
circulating immune cells to produce inflammatory cytokines in
ex vivo whole-blood stimulation to different stimuli; (3) whole-blood
transcriptome; and (4) untargeted plasma metabolome, at baseline,
after theintervention and 4 weeks after the intervention. Asecondary
outcome was the change in gut microbiome composition, assessed
through untargeted metagenomics. These results will be reported
separately.

Sample size calculation

The sample size for this study was determined based on functional
immune response outcomes rather than high-dimensional omics data,
which typically generate large datasets unsuitable for conventional
power calculations. Specifically, the calculation was based on previ-
ously reported differences in whole-blood TNF production after LPS
stimulation between urban and rural populationsin a cross-sectional
study conducted in the same region". The sample size was calculated
to achieve 80% statistical power to detect significant differences at a
two-sided alphalevel of 0.05.

Safety

Regardingharm, safety and possible adverse events, the risk associated
with participation in this short dietary intervention was considered
minimal. Therefore, spontaneous adverse event reporting was applied.
Participants wereinstructed toreport any adverse events they experi-
enced during the study period directly to the study team. In addition,
body weight was monitored throughout the study.

Protocol deviations

Fasting glucose and blood pressure data from the after the interven-
tionand follow-up periods, althoughiinitially planned according to the
study protocol, were not recorded because of logistical challenges.
Difficult access to the remote study site on Mount Kilimanjaro during
the rainy season led to delays that compromised the ability to obtain
early-morning, fasting measurements.

Hemocytometry

EDTA-anticoagulated blood samples were analyzed using the Sys-
mex XN analyzer (Sysmex Corporation) to obtain a complete blood
count and the Sysmex Extended Inflammation Parameters, including
RE-MONO, RE-LYMPH and NEUT-RI. Blood samples were analyzed at
the KCRIin Moshi, Tanzania within 2 h after venipuncture.

Statistical comparisons across the study time points were per-
formed using an LMM. The dream function (variancePartition package
v.1.24) was applied tolog,-transformed concentration values, with the
time point as afixed variable, participant asarandom effect and adjust-
ments for age, BMland baseline physical activity level. Statistical sum-
mary results were extracted using the eBayes and topTable functions,
applying false discovery rate (FDR) adjustment for multiple testing
using Benjamini-Hochberg correction, with the significance cutoff
for P,4;setto 0.05. Paired fold change values were calculated using the
fcrosFCmat function from the package fcros (v.1.6.1). Statistical results
foreachdietaryarmwere presentedinatriangle plot, with the direction
of change and paired log, fold change presented for each time point
comparison using ggplot2 (v.3.5.1).

Multiomics variance analysis

To determine the percentage of explained variance by the study inter-
vention time point after the intervention (t1) or at the follow-up (t2)
versus the baseline (t0) to the features in each datalayer, we performed
avariance partition analysis. Variance partition analysis was conducted
using the fitExtractVarPartModel function from the variance partition
package (v.1.24.1) using time point, age, BMI and physical activity level
at baseline as fixed variables and participants’ ID as a random effect.
Results were visualized in histograms using the ggplot2 and ggridges
packages (v.3.5.1and v.0.5.6, respectively).

Whole-blood stimulation assays and cytokine quantification
The ex vivo cytokine stimulation experiments were conducted at the
KCRIin Moshi, Tanzania. Whole-blood samples, obtained with heparin,
were stimulated with bacterial, fungal and TLR3 and TLR4 agonistsina
48-well culture plate as described previously™. The following concen-
tration stimuliwere used: E. coli LPS (100 ng ml™, Sigma-Aldrich); MTB
(5 ug mI™?, H37Rv strain, in-house); poly(I:C) (50 pug ml™, InvivoGen);
S. aureus (10° ml™ colony-forming units (CFU), ATCC strain 29213,
in-house); C. albicans (10° CFU ml™, UC820 strain, in-house); and
S.enteritidis (10° CFU ml™, in-house). Stimuli were prepared in Roswell
Park Memorial Institute culture medium (Dutch-modified, Invitrogen)
supplemented with 50 pg ml™ gentamicin, 2 mM GlutaMAX and 1 mM
pyruvate. The resulting supernatants were stored at —80 °C. Cytokine
concentrationsin the supernatant were quantified using ELISA accord-
ingtothe manufacturer’s instructions provided by the respective kits
(IL-6, IL-1B, IL-10 and TNF, R&D Systems; IFNy, Sanquin). To ensure
consistency, samples were measured usingkits from the samelot. For
statistical analysis, the cytokine levels measured in the whole-blood
assay were log,-transformed.

Statistical comparisons across the study time points were per-
formed usingan LMM. The dream function (variancePartition package
v.1.24) was applied to log,-transformed concentration values, with time
pointasafixedvariable, participant asarandom effectand adjustments
for age, BMI and baseline physical activity level. Statistical summary
results were extracted using the eBayes and topTable functions, apply-
ing FDR adjustment for multiple testing using Benjamini-Hochberg
correction, with significance cutoff for P,4 set to 0.05. Paired fold
change values were calculated using the fcrosFCmat function from the
package fcros (v.1.6.1). Statistical results for each dietary arm were pre-
sentedinatriangle plot, presenting the direction of change and paired
log,fold change for each time point comparison using ggplot2 (v.3.5.1).

Inflammatory and cardiometabolic plasma proteome

Plasma proteins were assessed using proximity extension technology
(Olink Proteomics AB)". The Olink 92 Inflammation and 92 Cardio-
metabolic panels were processed at the Laboratory of Experimental
Internal Medicine, Radboudumc, the Netherlands. The assay involves
the binding of target proteins to paired oligonucleotide antibody
probes, followed by subsequent hybridization and amplification. NPX
values, represented as arbitrary units onalog, scale, were calculated
from normalized cycle threshold data. Comprehensive validation
details for the assay can be accessed on the Olink website (https://
www.olink.com). Allsamples were measured inasingle runinthe same
batch. Proteins with values below the limit of detection in more than
25% of subsequent samples were excluded. This resulted in the removal
of 22 proteins, leaving 162 out 0of 184 proteins for further analysis. Most
of these proteins had values below the limit of detection in almost all
samples. Quality control measures and outlier detection were per-
formed, revealing no significant batch effects or outliers attributable
totechnicalissues. Additionally, control participants from both urban
and rural groups exhibited consistent overall proteomic profiles,
suggesting minimal batch-related bias. PCA was conducted using
the prcomp function (stats v.3.6.2) on scaled NPX values or scaled
NPX values corrected for participants (removeBatchEffect function,
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limma package v.3.50.3). To decrease the load of multiple testing, the
proteins further tested in the differential analysis showed more than
5% of variance explained by the study time point (considering time
point, age, BMI, physical activity level and participant as variables in
the equation). The differential analysis for upregulated and downregu-
lated proteins among the study time points was conducted using an
LMM (variancePartition package v.1.24.) including time point as the
main fixed variable, age, BMIl and physical activity level at baseline as
covariates, and the individual as a random effect (dream function).
Statistical summary results were extracted for each time point com-
parison using the eBayes and topTable functions, FDR-adjusted for
multiple testing using the Benjamini-Hochberg correction, setting the
significance cutofffor P,4; < 0.05. Paired fold change values were calcu-
lated using the fcrosFCmat function from the package fcros (v.1.6.1),
calculating the fold changes as a trimmed mean of the fold changes
obtained using pairs of samples. The statistical results for each dietary
arm were summarized in a triangle plot, presenting the direction of
change and paired log, fold change for each time point comparison
using ggplot2 (v.3.5.1). Inaddition, beyond protein assignment to the
designated Olink panels, DAPs were annotated to biological processes,
based on biological process information obtained from the Human
Protein Atlas (v.23.0).

Plasma concentrations of highly sensitive CRP were meas-
ured using an ELISA, according to the manufacturer’s instructions
(Quantikine ELISA Kit, R&D Systems). For samples with CRP levels
below the detection limit, a value equivalent to the lower limit of
detection (0.2 mg1™) was assigned. A comparative analysis of CRP
among the study time points in each study arm was conducted
using an LMM (variancePartition package v.1.24.), with statistical
summary results extracted for each time point comparison using the
eBayes and topTable functions, FDR-adjusted for multiple testing
using Benjamini-Hochberg correction, setting the significance cutoff
for P,4;at 0.05.

Proteomic profile cross-validation with the 300 TZFG cohort
Results fromthe 300 TZFG cross-sectional cohort were used to validate
thefindingsinthe dietaryintervention study. This validation was based
on previously published plasma metabolome and plasma proteome
data’. Individuals from the 300 TZFG cohort (n = 295) were previously
classified into two food clusters based on their food-associated plasma
metabolome profiles: aKilimanjaro heritage diet food cluster (n =138)
andaWestern-type diet food cluster (n=157). Differential proteins were
detected usingalinear model correcting for age, sexand BMIwith the
variancePartition package dream function followed by eBayes and
topTable functions to extract summary statics (v.1.24). Differential pro-
teins were visualized in combined violin-box-scatter plots, presenting
the NPX values measured for each food cluster using ggplot2 (v.3.5.1).
A qualitative comparison was conducted between the differential
proteinsinthe300 TZFG cohortand thoseinthe heritage diet dietary
arm, with results presented in a colored dot plot indicating proteins
associated with the heritage diet in both datasets.

Untargeted plasma metabolomics

Untargeted plasma metabolomics was performed by General Meta-
bolics as described previously”. Briefly, an untargeted metabolomics
approach was used to analyze plasma metabolites via high-throughput
mass spectrometry (Agilent Technologies). The high-throughput
method used is based on flow injection, without separation of com-
pounds using aliquid chromatography gradient, allowing for efficient
analysis of large cohorts. Polar metabolites were analyzed using the
General Metabolics’ high-throughput, nontargeted metabolomics
platform in negative ion acquisition mode. Technical replicates were
acquired for allsamples. The data obtained, covering amass-to-charge
ratio (m/z) range of 50-1,000 at a flow rate of 150 pl min™, were sub-
jectedtofurther analysis through centroiding on a high-performance

computing cluster using MATLAB R2018a. The resultant matrix was
constructed from centroid lists. Annotation coverage was typical for
human plasma, with1,266 annotated ions and 1,339 unique molecular
formulas matched againstionlibraries derived from the HMDB (https://
www.hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes (KEGG)
(https://www.genome.jp/kegg/) and Chemical Entities of Biologi-
cal Interest (ChEBI) (https://www.ebi.ac.uk/chebi/) databases within
0.001 atomic mass unit of theoretical mass. The analytical method
and approachto data processing and annotation have been described
previously”’. Given that the data were derived from human plasma, we
prioritized annotation using the HMDB and converted KEGG or ChEBI
IDs to HMDB IDs when available, using the Metabolite ID Conversion
(https://www.metaboanalyst.ca/MetaboAnalyst/upload/ConvertView.
xhtml, accessed March 2024). Thisresulted in a total of 935 metabolites
thatare presentinthe HMDB. Drugs that were detected using manual
curating in the downstream analysis were flagged in the summary
table and were disregarded in the analysis. lon intensity values were
normalized through log,; scaled values were used for the calculation of
the PCA using the prcomp function (stats, v.3.6.2). Differential analysis
for upregulated and downregulated metabolites between study time
points was conducted using an LMM, including time point as a main
fixed variable, age, BMIand physical activity level at baseline as covari-
ates,and theindividual asarandom effect using the variancePartition
package dream function followed by eBayes and topTable functions to
extract the summary statics (v.1.24). Paired fold change values were cal-
culated using the fcrosFCmat function from the fcros package (v.1.6.1),
calculating the fold changes as a trimmed mean of the fold changes
obtained using pairs of samples. DAMs were enriched for and assigned
to chemical classes and enriched for metabolic pathways by querying
the RaMP database (v.2.3.0, last updated 27 July 2023, accessed August
2024) using the website’s Application Programming Interface /api/
combined-fisher-test and /api/combined-fisher-test using the R json
function (jsonlite, v.1.8.4).

Whole-blood transcriptome

Whole blood was collected in Qiagen PAXgene tubes. Total RNA was
isolated using the QIAGEN PAXgene RNA isolation kit accordingto the
manufacturer’s guidelines; eluted RNA was dissolved in RNase-free
water. RNA quality was evaluated in the TapeStation 4200 (Agilent Tech-
nologies) by estimating 28S and 18S band integrity. TruSeq Stranded
Total RNA with Ribo-Zero Globin (Illumina) was used to convert total
RNA into double-stranded complementary DNA molecule libraries.
Briefly, depletion of ribosomal and globin mRNA was performed on
750 ng purified total RNA using biotinylated, target-specific oligo-
nucleotides combined with Ribo-Zero rRNA removal beads. Under
elevated temperature, the remaining RNA was fragmented using
divalent cations. The first strand was generated using SuperScript2
RT (Invitrogen) supplemented with actinomycin D, followed by
second-strand synthesis with deoxyuridine triphosphate replacing
deoxythymidine triphosphate. Before PCR amplification, adenyla-
tion of the 3’ ends and index adapter ligation were done before sub-
sequent yielding of the final library. The remaining overhangs were
converted into blunt ends via exonuclease and polymerase activities,
and enzymes were removed. Selective DNA fragment enrichment with
ligated adapter molecules was performed using Illumina PCR primers
in15cycles of PCRreaction, followed by purification of complementary
DNA using SPRIBeads (Beckman Coulter). High-throughput sequenc-
ingwas carried out with the lllumina NovaSeq 6000 Sequencing System
on an S4 flow cell with v.1.5 chemistry (76-bp paired-end reads); data
were converted into FASTQ files using bcl2fastq2 v.2.20.

Gene expression profiling and bioinformatic analysis

Raw RNA-seq data were aligned using STAR (v.2.7.3a) and human refe-
rence transcriptome version HG38 to generate the gene counts table.
Raw gene counts were normalized using DESeq2 (v.1.26.0)inR (v.4.1.2)%%.
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Eachone of the dietary arms was analyzed separately, together withits
control group; the following analysis was applied: low-expressed gene
counts (genes with fewer than five countsin more than10% of the sam-
ples) as well as hemoglobin or ribosomal genes were excluded, result-
ing in 19,887-20,585 genes present in each of the dietary groups and
comparisons. Variance stabilizing transformation (VST) was applied
onnormalized data (exact numbers used for the analysis are provided
inSupplementary Table 4). Before differential analysis, quality control
was done with all study samples using robust PCA on VST-transformed
corrected counts of all present genes using the PcaHubert function
fromthe rrcov package (v.1.7-5)”, excluding six samples that presented
high score and orthogonal distance. PCA was conducted using the
prcomp function (stats, v.3.6.2) on scaled VST values or scaled VST
values corrected for participants (removeBatchEffect function, limma
packagev.3.50.3). For the differential analysis, we followed the strategy
for group-specific condition effects, with individuals nested within
groups, which assumes a common time effect in the diet or control
groups. The DESeq2 model design applied included the individual
(ind.n), treatment (diet or control) and time point (baseline, after the
intervention or at the follow-up) resulting in the following model: ~treat-
ment + treatment:ind.n + treatment:time point. Differential expres-
sion analysis was performed between each two time points using the
FDR correction method for P,;HW®, setting the threshold for P,
at 0.2, with no fold change threshold. Gene set enrichment analysis
for the GO terms of DEGs was performed using the clusterProfiler
package (v.4.2.2) using the compareCluster function with P,4;< 0.05
(with Benjamini-Hochberg correction) defining all expressed genes
as the universe. The function simplify was used to reduce the number
of similar terms (clusterProfiler), setting the threshold to 0.7; further
selection of pathways of interest was done manually for visualization
using dotplot or heatplot with the respective clusterProfiler visualiza-
tion functions. The full list of DEGs and enriched GO terms is found in
Supplementary Tables 14-19.

Transcription factor enrichment analysis was performed using
the ChIP-X Enrichment Analysis 3 (ChEA3) tool via its Application
Programming Interface (https://maayanlab.cloud/chea3/api/enrich/;
accessed April 2024), using the jsonlite package in R (v.1.8.4).. Tran-
scription factor and gene targets found in the same DEG group were
visualized in a circular plot using igraph (v.1.2.11) (Supplementary
Table19).

Statistical analyses and graphics

Allstatistical analyses and visualizations were conductedinR (v.4.1.1.),
using ggplot2 (v.3.3.5) unless otherwise specified. For all statistical
analyses, intra-individual measurements were assessed usingan LMM,
with time point as the main fixed variable, and age, BMI and activity
ranking at baseline as covariates. The individual was included as a
random effect, using the dream function from the variancePartition
package, followed by the eBayes and topTable functions (v.1.24) to
extract summary statistics, or by including theindividual in the model
(seethe DESeq analysis above). Measurements from the control groups
were used for qualitative comparison with the intervention groups or
asacontrast group for modeling transcriptional differences.

Paired fold change values were calculated using the fcrosFCmat
function from the fcros package (v.1.6.1), calculating the fold changes
as a trimmed mean of the fold changes obtained using pairs of sam-
ples. For gene expression, fold change values were calcualted using
results function (see the DESeqanalysis above). To reduce the burden of
multiple comparisons in the omics data, differential plasma protein
(Olink assay) and metabolite analysis was performed on analytes
where time points contributed more than 5% of the variance. Pvalues
were calculated using two-tailed hypothesis testing, and Benjamini—
Hochberg correction adjusting for multiple testing on the overall
tests performed at each time point contrast to control the FDR, with
a significance threshold set at P,; < 0.05 when using mixed model

analysis (setting the correction to ‘BH’, topTable function, variancePar-
tition package). For transcriptome analysis, IHW was applied by setting
the filter to ihw within the results function of the DESeq2 package, as
described in the previous section.

Ethics and inclusion statement

Researchers from KCMC University in Moshi, Tanzania, had anintegral
role throughout the research process, including study design and
implementation, data ownership, intellectual property rights, and
authorship of publications. The local relevance of the research was
confirmed through collaboration with KCMC University partners.
Roles and responsibilities were clearly defined among collaborators
at the outset, and plans for capacity building of local researchers
were discussed. Furthermore, local and regional research relevant
to the study was carefully considered and appropriately cited. Lastly,
benefit-sharing measures were discussed in collaboration with KCMC
University researchers. The study was registered inthe ISRCTN registry
(ISRCTN15619939) before the start of the study. Full details of the trial
protocol can be found in the Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing data have been deposited in the European Genome-
phenome Archive under accession no. EGAS50000000317, hosted
by the European Bioinformatics Institute and the Centre for Genomic
Regulation. All additional datasets, including anonymized partici-
pant meta-data, nutritional information, circulating leukocyte data,
whole-blood cytokine responses, and plasma proteome and metabo-
lome data, are deposited in the Radboud Data Repository (https://
data.ru.nl). Access to these datasets will be evaluated by a Data Access
Committee to ensure compliance with the Tanzanian regulatory
framework for data sharing (https://www.costech.or.tz/Files/Docu-
ments/1728287181.pdf). Researchers wishing to access the data
should contact the corresponding authors Q.D.M. (quirijn.demast@
radboudumc.nl) or G.T. (gtemba@kcmuco.ac.tz). Requests will be
reviewed by the Data Access Committee and adecision will be provided
within 4 weeks. Other databases used for the analysis include the data-
set sourced from the Human Protein Atlas (https://www.proteinatlas.
org/; https://www.proteinatlas.org/download/proteinatlas.tsv.zip) for
the plasmaproteome; the KEGG COMPOUND Database (https://www.
genome.jp/kegg/compound/); the HMDB (https://www.hmdb.ca/);
the ChEBI (https://www.ebi.ac.uk/chebi/); Metabolite ID Conversion
(https://www.metaboanalyst.ca/MetaboAnalyst/upload/ConvertView.
xhtml); the RaMP database (https://rampdb.nih.gov/) for the metabo-
lome analysis; and GO (https://geneontology.org/) and ChEA3 (https://
maayanlab.cloud/chea3/api/enrich/) for the transcriptome analysis.

Code availability
Allcode scripts used for the analysis of the data are available at https://
github.com/TalPecht/dietstudy_Temba_Pecht_2024/.
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Extended Data Fig. 1| CONSORT diagram. Flow diagramillustrating the enrollment, allocation, follow-up, and analysis of participants.
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intervention (t1, orange) or follow-up (t2, purple) vs baseline (t0) measurements.
Age, BMl and physical activity levels at baseline were included as additional fixed
variables and individual ID as random effect. The percentage of features in each
datalayer thatintervention contributed to more than 5% in its variance is marked
ineachplot.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03602-0

Switch to
African heritage Diet

a . Switch to
Western Diet

I. Original values

Fermented
beverage

PC 2: 11.6% variance
PC 2: 11.2% variance

|\

PC 2: 13.1% variance

10
5

0
-5
-10

-10 0 10
PC 1: 19.6% variance

-10 0 10
PC 1: 23.2% variance

ii. Values corrected for participant ID

\
-10 0 10
PC 1: 18.6% variance

-20

Time point
@ t0

[0
Q
g . g )| ¢
2 g 2
9 s 0 S
> g i
o - 0
.. -
S -5 &-10 &
a o 8
-10 .
—10 S—
-20
20 -10 0 ) 20 -10 0 10 20 20 -10 0 10 20

ot
@ 12

=)

PC 1: 34.5% variance

PC 1: 36.5% variance

Switch to Switch to

Western Diet

PC 1: 34.9% variance

African heritage Diet Fermented beverage

Cytokine 1 °
Inflammatory response A
Cell adhesion A
Chemotaxis 1
Receptor 1 °
Hydrolase 1
Heparin-binding 1
Antimicrobial 1
Antibiotic
Apoptosis {

TNF superfamily 4
Protease inhibitor
Protease

Growth factor A °
Host-virus interaction
Angiogenesis 1 °
Serine protease A °
Lipid metabolism 1
Innate immunity 1
Immunity A
Hemostasis A
Fungicide 1 o
Fertilization °
Differentiation °

-3

°

000 ©o0@

@e000o0 O-OJ

0000000
°

o

Developmental protein
Blood coagulation {

() (]
o) o

° O

e0000 O Oﬂ

o

t2vst0 t1vsto

J

t1 vs t0 t2 vs t1

CCL5-

Switch to
African heritage

Diet
v

Change in control group

CA1 -

v

t2vs t1

t2vst0 t1vsto t2 vs t1 t2 vs t0

Fermented
beverage

v

t2vstl t2vsto

Extended Data Fig. 3 | See next page for caption.

t2 vs t1

t2 vs t0

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03602-0

Extended Data Fig. 3 | Principal component analysis (PCA) of plasma proteome
and pathway annotation. Targeted plasma proteomics was conducted using
theinflammatory and cardiometabolic Olink panel (Olink® Proteomics AB).
Samples from N =20, 22 and 22 individuals in the switch from African heritage

to Western diet (Switch to WD), switch from Western to African heritage diet
(Switchto AHD) and the fermented beverage intervention arms were obtained
atbaseline (t0), post-intervention (t1), and four weeks follow-up (t2).a- PCA was

calculated on (i) scaled original NPX values, or (ii) scaled values corrected for
participant ID. Dot plots depict the principal component 1(PC1) and PC2, with
colorindicating the measurement time point (t0, tland t2in green, orange and
purple) and geometric ellipses drawn at 95% confidence for each time point.

b- Dot plot showing the biological terms (derived from the Human Protein Atlas)
for the differential abundant proteins in each intervention arm and time point
comparison, with size indicating the number of proteins related to each term.
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Extended Data Fig. 4 | Differentially abundant plasma metabolitesin the
intervention groups. Plasma metabolome was performed using untargeted
metabolomics (General Metabolics, Cambridge, MA) to assess changes during
the transition to a Western diet (WD), African heritage-style diet (AHD) and
fermented beverage consumption. Samples were obtained at baseline (t0)
post-intervention (t1, week 2 for the WD or AHD diet interventions and one
week for the fermented beverage intervention, N = 22/group), and after four
weeks follow-up (t2, N = 22/group). a- Dotplots showing principal component
1(PC1) and PC2 from principal components analysis (PCA) of log2-scaled ion
intensity scaled values using all metabolites as input. Color indicates the time
points (green, orange, purple for tO, t1and t2, respectively). A geometric ellipse

is drawn at 95% confidence for each time point. b- Triangle plots present top
differentially abundant metabolites (DAMs, adjusted P value < 0.05 and absolute
paired fold-change >1.2). Arrows’ direction (up or down) indicates the direction
of change, comparing late vs. early time points in each comparison as listed at
the bottom of the plot, with color fill depicting the log2 paired fold-change value
for each comparison. Statistical analysis was carried out using a linear mixed
model for each comparison, including time point, BMI, physical activity level
and age as fixed variables, and participant ID as random effect. Asterisks indicate
significance level based on BH-adjusted P value (*, **, ***, **** represents adj.
Pvalues <0.05,0.01,0.001,0.0001).
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Extended Data Fig. 5| Whole blood transcriptome PCA and enrichment
analysis. Whole blood transcriptome data were analysed for participantsin the
heritage to Western diet switch group (Switch to WD, N = 22), the Western to
heritage diet switch group (Switch to AHD, N =22) and the fermented beverage
group (N =21). Blood samples were collected at 3 time points: baseline (t0), post-
intervention (t1), and follow-up (t2), four weeks after the end of intervention.
Five controlindividuals for each dietary arm were included in the DE analysis
using DESeq2, with model design including the individual (ind.n), treatment
(diet or control) and the time point (baseline, post-intervention or follow-up):
~treatment + treatment:ind.n + treatment:time point. DE analysis was performed
between each two time points using the Benjamini-Hochberg (BH) controlling
method for Pvalue adjustment and independent hypothesis weighting (IHW).

The two-sided significance level was set to adjusted P, < 0.2, with no fold change
threshold, a, PCA was calculated on scaled variance stabilized transformed (vst)
count values. Dot plots depict the data on based on principal component (PC)1
and PC2 (x and y-axis respectively). Dot colors represent time points: tO (green),
tl(orange), and t2 (purple). b, c- Tile plots display the log2 fold-change (log2FC)
of genesrelated to selected GO terms enriched in the switch to the Western

Diet (WD) group (indicated by color). d- Circular plot shows the predicted
transcription factors (TF) and their targets among upregulated genes in the
fermented beverage intervention group (t1vs t0, based on ChEA3 analysis). Gene
names are displayed around the circle’s perimeter, with turquoise marking the
TF, and arrows indicating the predicted regulated genes.
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Extended Data Table 1| Demographic characteristics of the study participants

Switch to Western Diet Sw'tc.h to Afr.lcan Fermented Beverage
heritage Diet P-value
(N=22) (N=22) (N=22)
Age, years a3k 2 23e 0.274
(23.0 - 27.0) (22.2-25.0) (21.5-30.8)
Age Category
18-24 years 9 (40.9%) 13 (59.1%) 10 (45.5%) 0.259
25-30 years 10 (45.5%) 8 (36.4%) 6 (27.3%)
31-40 years 3 (13.6%) 1(4.5%) 6 (27.3%)
Residence
Rural 22 (100%) 0 (0%) 6 (27.3%) <0.001
Urban 0 (0%) 22 (100%) 16 (72.7%)
Work Place
Town 0 (0%) 22 (100.0%) 19 (86.4%) <0.001
Village 21 (95.5%) 0 (0%) 3(13.6%)
Tribe
Chagga 21 (95.5%) 3(13.6%) 12 (54.5%) <0.001
Maasai or Meru 0 (0%) 1(4.5%) 1(4.5%)
Pare 0 (0%) 1(4.5%) 3(13.6%)
Other 0 (0%) 17 (77.3%) 6 (27.3%)
Marital Status
Single 13 (59.1%) 22 (100%) 13 (59.1%) 0.001
Divorced 0 (0%) 0 (0%) 1(4.5%)
Married 8 (36.4%) 0 (0%) 8 (36.4%)
Systolic BP, mmHg e 20 e <0.001
(128 - 140) (114 - 125) (108 - 126)
Diastolic BP, mmHg 76 70 2 0.059
(71-82) (63 -74) (61-77)
Education Level
Primary education 15 (68.2%) 0 (0%) 9 (40.9%) <0.001
o 4(182%) 0.(0%) 10 (45.5%)
gggl;reegee) education (non- 2(9.1%) 2(9.1%) 2(9.1%)
In training 0 (0%) 20 (90.9%) 1(4.5%)
Work Status
In School 0 (0%) 22 (100%) 0 (0%) <0.001
Elementary Occupation 12 (54.5%) 0 (0%) 9 (40.9%)
Service Workers 9 (40.9%) 0 (0%) 10 (45.5%)
Employed 0 (0%) 0 (0%) 3 (13.6%)
22.6 224 201
BMI at t0, kg/m” (20.8 - 24.0) (21.0-24.1) (19.7-22.2) 0.0144
BMI Category
<25.9 20 (90.9%) 21 (95.5%) 21 (95.5%) 1,0
26-29.9 1(4.5%) 1(4.5%) 1(4.5%)
230 1(4.5%) 0 (0%) 0 (0%)
A Body weight t1 - t0, kg 26 01 NA <0.001
(2.0-3.4) (-0.3-1.3)
A Body weight t2 - t0, kg o o e 0.606
(0.0-1.4) (-1.0-1.7) (-0.3-1.5)
Contact with animals
Owner and caregiver 19 (86.4%) 0 (0%) 6 (27.3%) <0.001
Owner but not caregiver 2(9.1%) 0 (0%) 3 (13.6%)
Not an owner 0 (0%) 22 (100%) 13 (59.1%)
Growing Crops at Home
Yes 20 (90.9%) 0 (0%) 7 (31.8%) <0.001
No 1(4.5%) 22 (100%) 15 (68.2%)
Sports Activity
Very Active 1(4.5%) 2(9.1%) 4 (18.2%) 0.825
Active 8 (36.4%) 8 (36.4%) 5 (22.7%)
Less Active 6 (27.3%) 6 (27.3%) 6 (27.3%)
Not Active 6 (27.3%) 5 (22.7%) 7 (31.8%)
Not enough information 0 (0%) 1(4.5%) 0 (0%)
Average Daily Walking
260 minutes/day 10 (45.5%) 9 (40.9%) 10 (45.5%) 0.668
30-60 minutes/day 5 (22.7%) 3(13.6%) 6 (27.3%)
<30 minutes/day 6 (27.3%) 10 (45.5%) 6 (27.3%)

For continuous variables, data are presented as the median and interquartile range (IQR). For categorical variables, data are presented as counts with percentages in parentheses. A two-sided
Kruskal-Wallis test was used to compare continuous variables, while a two-sided Fisher’s exact test was applied for categorical variables. One participant in the switch to WD group had
incomplete metadata. Abbreviations: BMI, body mass index; BP, blood pressure.
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Extended Data Table 2 | Dietary intervention menus

Diet in ‘switch to Western Diet’ arm

Breakfast Lunch Dinner
Day 1 Beef sausage and milk tea French Fries with eggs White rice served with
chicken stew
Day 2 Banana porridge with meat and Spaghetti served with beef | Processed maize stiff
pancakes stew porridge served with
beef stew
Day 3 Milk tea with white bread and French fries with eggs Roasted beef with
margarine spread mashed potatoes
Day 4 Meat soup served with pancakes Baked beef with fried Beef stew served with
banana macaroni
Day 5 Processed maize porridge with French fries with eggs White rice served with
added margarine and sugar beef stew
served with pancakes
Day 6 Beef stew with pancakes Pizza Beef BBQ ribs steak
with fried banana
Day 7 Beef sausage with milk tea French fries served with Roasted white rice
fried chicken mixed with beef

Diet in ‘switch to African heritage Diet’ arm

Breakfast Lunch Dinner

Day 1 Black tea served with boiled | Whole maize grains mixed | Cooked green plantain
cassava with kidney bean served | with beef meat

with vegetable (Spinach)

Day 2 Millet and sorghum porridge | Green plantain mixed with | Brown rice served with
mixed with sour milk served with | kidney beans (Kiburu) lentils
boiled taro (Majimbi)

Day 3 Milk tea served with boiled sweet | Brown rice served with | Whole grain maize stiff
potato (Viazi vitamu) beans porridge  (Ugali wa

dona) served with fish
and green vegetables
(amaranth)

Day 4 Millet and sorghum Porridge | Green plantain porridge | Cassava stiff porridge
mixed with sour milk served with | mixed with beans (Kiburu) (ugali wa muhogo)
boiled taro served with fish and

vegetables

Day 5 Black tea served with boiled | Boiled chicken (locally | Sorgam stiff porridge
cassava raised chicken) served with | (ugali wa  mtama)

green vegetables served with fish and
vegetables

Day 6 Millet and sorghum Porridge | Green plantain porridge | Whole grain maize
mixed with sour milk served with | mixed with Kidney beans | cooked with kidney
African donate (Mandazi) (Kiburu) bean (Makande) served

with green vegetables
(spinach)

Day 7 Black tea served with boiled | Brown rice served with | Cooked banana with

sweet potato (viazi vitamu) vegetables (amaranth) meat

Diets depicted are for one week. The same diet was also given in the second week.
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The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection

Data analysis

Data were collected using cloud based electronic data capture (CASTOR EDC 2021.1 EU server)

All statistical analyses and visualizations were conducted in R (version 4.1.1.), mostly using ggplot2 (version 3.3.5), clusterProfiler (version
4.2.2) for transcriptome enrichment heatmaps, and circlize (version 0.4.14) for transcription factors and gene targets circular plots . For all
statistical analyses, the intra-individual measurements were assessed using a linear mixed model, with time-point as the main fixed variable,
and age, BMI and activity ranking at baseline as covariates . The individual was included as random effect, using the dream function, followed
by the eBayes and topTable functions to extract summary statistics (variancePartition package, version 1.24), paired analysis for the individual
or by including the individual in the model (DESeq2 version 1.26.0). Measurements from the control groups were used for qualitative
comparison with the intervention groups or as a contrast group for modeling transcriptional differences. Paired fold-change values were
calculated using the function fcrosFCmat from the package fcros (version 1.6.1) calculating the fold changes as a trimmed mean of the fold
changes obtained using pairs of samples. To reduce the burden of multiple comparisons in the omics data, differential plasma protein (Olink®
assay) and metabolite analysis was was performed on proteins where time points contributed more than 5% of the variance
((variancePartition package, version 1.24). Statistical significance was determined using the false discovery rate (FDR) method, adjusting for
multiple testing across all tests performed in each time-point contrast using the Benjamini-Hochberg (BH) procedure when utilizing mixed
models analysis (setting the correction argument to “BH”, topTable function, variancePartition package). For DESeq differential analysis of the
transcriptome BH procedure was used along with Independent Hypothesis Weighting (setting the filter argument to ihw, results function,
DESeq?2 package). Two-sided hypothesis testing was performed, with the significance level set at an adjusted p-value of <0.05 for all
differential analyses, except for RNA-seq, where it was set to 0.2. Genes overrepresentation (enrichment) analysis for Gene Ontology terms
was done on DE genes using the clusterProfiler package compareCluster function (version 4.2.2). Transcription factor (TF) enrichment analysis
of the DE genes was performed using the ChEA3 (ChIP-X Enrichment Analysis 3) tool via its API: https://maayanlab.cloud/chea3/api/enrich/
(accessed on April 2024) using R json utility (jsonlite, version 1.8.4). Fisher'r over-represenation analysis for metbolic pathways was done using
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Metabolomic Pathways (RaMP-DB) website’s Application Programming Interface (API, accessed on July 2024) “/api/combined-fisher-test” and
“/api/combined-fisher-test” using R json utility (jsonlite, version 1.8.4). Code analysis scripts are available at https://github.com/TalPecht/
dietstudy_Temba_Pecht_2024.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All sequencing data have been deposited in the European Genome—phenome Archive (EGA) under accession code EGAS50000000317 (https://ega-archive.org/
studies/EGAS50000000317), hosted by the European Bioinformatics Institute (EBI) and the Centre for Genomic Regulation (CRG). All additional datasets—including
anonymized participant metadata, nutritional information, circulating leukocyte data, whole blood cytokine responses, plasma proteome and metabolome data
produced in this study, as well as the data from the 300 TZFG cohort —are deposited in the Radboud Data Repository (https://data.ru.nl). Access to these datasets
will be evaluated by a Data Access Committee (DAC) to ensure compliance with the Tanzanian regulatory framework for data sharing (https://www.costech.or.tz/
Files/Documents/1728287181.pdf). Researchers wishing to access the data should contact the corresponding author, Quirijn de Mast
(quirijn.demast@radboudumc.nl) or the author Godfrey Temba (gtemba@kcmuco.ac.tz). Requests will be reviewed by the DAC, and a decision will be provided
within four weeks. Other databases used for analysis include: The Human Protein Atlas (https://www.proteinatlas.org/download/proteinatlas.tsv.zip) for plasma
proteom; KEGG (https://www.genome.jp/kegg/compound/), HMDB (https://www.hmdb.ca/), ChEBI (https://www.ebi.ac.uk/chebi/), MetaboAnalyst ID converter
(https://www.metaboanalyst.ca/MetaboAnalyst/upload/ConvertView.xhtml) and RampDB (https://rampdb.nih.gov/) for metabolome analysis; GO (https://
geneontology.org/) for plasma metabolome; GO (https://geneontology.org/) and ChEA3 ( https://maayanlab.cloud/chea3/api/enrich/) for transcriptome analysis.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Only men were enrolled. This is addressed in the manuscript.

Population characteristics Healthy male volunteers (n=77) from Kilimanjaro region in Northern Tanzania were recruited: (a) males residing in the rural
village Uru Shimbwe Juu or its environs, adhering to a predominantly traditional Tanzanian diet, and (b) males residing in
Moshi town, adhering to a predominantly Western-style diet.

Only participants adhering to either a traditional Kilimanjaro-style or Western-style diet were further considered for
participation. Other inclusion criteria were age 20-40 years, BMI between 18 and 25 kg/m2, residing in either the rural or
urban areas of Moshi for a minimum of one month preceding the study, and commitment to stay in the study area
throughout the intervention period. Exclusion criteria were a positive result of HIV or malaria rapid test, notable blood
pressure abnormalities, elevated fasting blood sugar level, food allergies, recent acute illness, use of medication, antibiotics
or vaccination within the last three months, previous hospitalization within the past year, presence of chronic conditions
such as active malignancy, liver or kidney disease, tuberculosis, chronic hepatitis B or C infection, or unwillingness to
consume alcohol.

Recruitment Information about the study was disseminated through leaflets, community talks, and announcements during church
gatherings. We conducted a dietary recall questionnaire over three non-consecutive 24-hour periods within one week,
including one weekend day, to assess the dietary habits of eligible volunteers who agreed to participate. The questionnaire
captured details on different foods, as well as estimated portion sizes (small, medium, or large) and preparation methods for
each food item. A nutritionist evaluated the questionnaires to confirm that participants were following either a Kilimanjaro
heritage-style diet or a Western-style diet. This assessment relied primarily on the nutritionist's expertise and knowledge of
local dietary habits rather than a standardized set of criteria, incorporating traditional understanding of food patterns.

Several potential biases may have influenced the study outcomes. The exclusive recruitment of young, healthy men
inherently limits the generalizability of the findings. Additionally, self-selection bias may have occurred, as individuals with a
strong interest in health, nutrition, or research may have been more likely to participate. Conversely, the provision of free
meals may have drawn participants primarily motivated by financial incentives rather than genuine interest in the dietary
intervention. This mix of motivations could have impacted both participant engagement and the overall composition of the
study sample.

Ethics oversight The current study was approved by the Ethical Committees of the Kilimanjaro Christian Medical University College (CREC)
(No. 2483) and the National Institute for Medical Research in Tanzania (No. NIMR/HQ/R.8a/Vol.IX 3570).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size for this study was determined based on functional immune response outcomes, specifically estimated whole blood cytokine
(TNF) production, as observed in urban and rural populations in a previous cross-sectional study (Temba et al. Nature Immunology 2020).
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Data exclusions  One participant in the arm switching from an African heritage to a Western diet withdrew from further participation following the baseline
visit and was excluded from all analyses. In addition, two participants in this arm who completed the dietary intervention had no blood sample
taken at the follow-up time point (t2), resulting in N=22, N=22 and N=20 at the respective ime points: baseline (t0), post-intervention (t1) and
follow up (t2), respectively.

Specifically for RNAseq analysis: Prior to differential analysis, quality control was done with all study samples using robust PCA on VST-
transformed corrected counts of all present genes using the PcaHubert function from the rrcov package (version 1.7-5), which resulted in
exclusion 6 samples that presented high score and orthogonal distance.

Replication We replicated the changes in the plasma proteome using data from the 300 Tanzania Functional Genomics (TZFG) cohort, a cross-sectional
study of urban or rural-living Tanzanians (n = 295) from the same region. Participants were previously categorized into “Kilimanjaro heritage-
style diet” (n = 138) and “Western-style diet” clusters based on food-derived plasma metabolome profiles (Extended Data Fig. 6a). Differential
analysis using the Olink inflammation panel identified 18 proteins that were lower in the heritage-style diet cluster compared to the Western-
style diet cluster (Supplementary Table S19). Among these, 83% (15 proteins) also decreased in the current Western to heritage diet arm
(Extended Data Fig. 6b,c; Supplementary Table S19). These proteins included chemokines CXCL1, CXCL5, CXCL6, CXCL11, MCP-2, and MCP-4.

Randomization  Participants in the dietary intervention arms were randomized to either the dietary intervention (n=23 in the heritage to Western diet arm;
n=22 in Western to heritage diet arm) or remaining on the habitual diet (n=5 in each arm, ‘controls’). No controls were included in the
fermented beverage arm. The randomization was conducted by an independent statistician using a lottery method. Each pre-selected
participant was assigned a number based on the dietary assessment, from which five numbers (controls) were randomly selected.

Blinding Investigators were not blinded during data collection or analysis. Blinding was deemed unnecessary due to the open-label design of the

dietary intervention study, where the nature of the intervention made blinding impractical and unlikely to influence the objective outcomes
being measured

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms

Clinical data
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ISRCTN15619939
Study protocol https://doi.org/10.1186/ISRCTN15619939

Data collection This study was conducted in Moshi district in the Kilimanjaro region of northeastern Tanzania between April to August 2021, which




Data collection coincides largely with the wet season. Moshi town serves as the administrative, commercial, and educational center for the region,
with a population of approximately 220,000 inhabitants. Moshi town borders the foothills of the southern slopes of Mount
Kilimanjaro. These foothills are rural areas where people live in smaller villages and are engaged in subsistence agriculture and animal
husbandry. Most of the people living in the foothills belong to the Chagga tribe. For this study, the rural dwellers were mainly
recruited from the village Uru Shimbwe Juu, which is located approximately 15 km from Moshi town at an elevation of 1,978 meters.

Outcomes Primary outcomes:
-Circulating inflammation-related human protein biomarkers at baseline, post-intervention and 4 weeks post intervention, measured
using the Olink® Targeted Proteomics platform, which utilizes Proximity Extension Assay (PEA) technology
-The capacity of the circulating immune cells to produce inflammatory cytokines in ex vivo whole blood stimulation to different
stimuli, measured using ELISA on the culture supernatant ,at baseline (day 0), post intervention and 4 weeks post-intervention.
-Whole blood transcriptome measured using RNAseq technology with NovaSeqTM Sequencing System at baseline, post-intervention
and 4 weeks later
- Plasma metabolome assessed using high-throughput mass spectrometry (untargeted metabolomics) at baseline (day 0), post
intervention and at 4 weeks post-intervention

Secondary outcome
- Gut microbiome composition measured using metagenomic sequencing of stool samples collected at baseline, post intervention
and 4 weeks post-intervention
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