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An increase in chronic systemic inflammation in later life, termed
inflammaging, is implicated in health risk. However, it is unclear whether
inflammaging develops in all human populations, or if it is the product of
environmental mismatch. We assessed inflammaging in Tsimane forager-
horticulturalists of the Bolivian Amazon, using serum cytokines in a
primarily cross-sectional sample (1134 samples from n = 714 individuals,
age 39-94, 51.3% female). IL-6 was positively associated with age (f =
0.013, p < 0.01). However, other pro-inflammatory markers, including
IL-1B and TNF-a, did not increase with age (8 = —0.005 and g = —0.001,
respectively). We then compared the Moseten, a neighbouring population
that has experienced greater market integration (423 samples from n =
380 individuals, age 39-85, 48.2% female). The Moseten also showed a
positive age association for IL-6 that attenuated at later ages (age p =
0.025, p < 0.01; age* B = -0.001, p < 0.05). Further, IL-1p and TNF-a were
both positively associated with age (8 = 0.021, p < 0.05 and g = 0.011, p
< 0.01, respectively). Our results demonstrate minimal inflammaging in
the Tsimane, highlighting variation across populations in this age-related
process. They also suggest that inflammaging is exacerbated by lifestyle
shifts.
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1. Introduction

The development of chronic systemic inflammation with age, termed ‘inflammaging’, is implicated in risk for numerous
age-related diseases (e.g. cardiovascular, neurodegenerative, cancer) [1,2]. It can be caused by a variety of factors, including
chronic antigenic load, accumulation of cellular waste and senescent cells, mitochondrial dysfunction and damage, gut
permeability and excess adiposity [3-5]. However, while prior studies of inflammaging have been informative, they have
primarily focused on Western industrialized populations [6,7]. These populations experience novel conditions in human
evolutionary history, including reduced exposure to microbes and parasites, low fertility, diets high in saturated fats and
processed sugars, sedentary behaviour and smoking [8,9]. As a result, it is unclear how inflammaging may have manifested in
pre-industrial contexts or whether it is primarily a consequence of environmental mismatch.

Studies with non-industrialized, subsistence populations can help address both theoretical and public health discussions on
inflammaging. Understanding commonalities versus variability across subsistence populations can inform theoretical discus-
sions on the evolutionary origins and contextual determinants of inflammaging. Further, studies with these populations might
also provide new insights into the evolved relationship between inflammation, health and ageing. This has been shown
previously with the Tsimane forager-horticulturalists in the Bolivian Amazon. The Tsimane experience a high exposure to
infections, resulting in frequent inflammation throughout life [10,11]. However, certain chronic diseases in which inflammation
has been implicated as a contributing pathway are rare. For example, the prevalence of both cardiovascular disease and
Alzheimer’s disease and related dementias are among the lowest reported of any global population [12,13].

Recent studies with the Tsimane highlight the importance of considering both the causes and context of inflammation for
understanding its relationship to health and ageing. Industrialized populations experience a high prevalence of chronic sterile
inflammation owing to lifestyle factors (e.g. caloric excess and sedentary behaviour), which is a major contributor to ageing and
disease [14,15]. This has been termed meta-inflammation, or metaflammation, because it is caused by metabolic dysfunction
[16,17]. In contrast, the Tsimane are much more physically active, rarely obese, and they consume smaller quantites of processed
sugars and saturated fats compared to industrialized populations [18]. Further, high infectious exposure among the Tsimane
may be protective for metabolic health and downstream meta-inflammation. For example, mounting an inflammatory response
against an infection increases metabolic expenditure, while parasites consume circulating glucose and lipids in their host
[19,20]. Finally, parasitic and microbial exposures that are largely absent in industrialized populations might aid in appropriate
immune regulation, consistent with the ‘old friends’ hypothesis [21].

It is currently unclear whether the Tsimane or similar subsistence populations develop inflammaging [22,23]. To address this
gap, we assessed a collection of cytokines, which are key mediators of immune function and inflammation-related health risk
[24,25]. We focused primarily on three of the most commonly used pro-inflammatory cytokines to assess inflammaging: IL-13,
IL-6 and TNF-a [26,27]. Based on their subsistence lifestyle and the minimal prevalence of chronic diseases with inflammatory
aetiologies, we hypothesized that the Tsimane would have minimal or no inflammaging, reflected in weak or null associations
with age [18,28]. We measured these cytokines as part of a multiplex assay that also included IL-1a, IL-2, IL-4, IL-5, IL-10, IL-12,
IL-13, IL-15, IL-17, IL-23, IFN-y and TNEF-B. To utilize all available data, we also tested exploratory age associations for these
additional biomarkers.

Comparisons of the Tsimane inflammaging profile with other populations might be complicated by methodological
differences across studies or genetic differences across populations. Therefore, we also measured cytokine profiles in the
Moseten, a neighbouring population that has experienced greater lifestyle shifts in recent years. The Moseten diverged from
the Tsimane a few hundred years ago, owing to sociocultural changes following missionary contact [29]. Genetic analysis has
revealed minimal distance between these populations [30]. While many Moseten still engage in a subsistence lifestyle, not all do,
and there is greater average consumption of market-derived foods, including sugar and oil [18,29-31]. Moseten cytokine profiles
were measured in the same laboratory with the Tsimane samples (randomized across batches). Based on the greater lifestyle
shifts in the Moseten, we hypothesized that they would display more pronounced inflammaging compared with the Tsimane.

Finally, an important caveat when studying inflammation in high-pathogen environments is the frequent fluctuations in
biomarkers with the onset and clearing of infections. As a result, an elevation of inflammatory markers on one day might
not reflect a stable profile over time that distinguishes individual differences [32,33]. These acute fluctuations might therefore
confound associations with age, making it difficult to detect inflammaging. We assessed this possibility using intra-class
correlations (ICCs), a commonly used method for assessing measure reliability. The ICC estimates the proportion of the total
variation attributable to between-person variation [34]. A lower ICC indicates that a larger proportion of the total variation in
a measure is attributable to within-person variation, which in this case would indicate a greater influence of acute infections
on cytokine fluctuations [35]. While most serum samples were cross-sectional, we relied on a subsample of participants for
whom we have multiple samples (average 2 years apart) to estimate ICCs. Owing to the frequent infections among the Tsimane,
we hypothesized lower ICCs compared with published US/European estimates [34,36-38]. Further, to address this possible
confound, we considered models testing age associations while adjusting for leukocytes, a proxy for acute infection.

2. Methods
(a) Study participants

The Tsimane have an estimated population size of approximately 17 000, with most families relying on horticulture and
hunting/fishing for subsistence [10,29]. Most villages have little or no access to running water and sanitation [39]. The total
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fertility rate is approximately nine children born per woman over their lifetime [40]. Infections are a leading cause of morbidity n

and mortality, particularly in early and late life, and they impact reproduction, impair child growth and elevate basal metabolic
rates [20,41-44]. The neighbouring Moseten have an estimated population size of approximately 3000 and a fertility rate of
approximately six children per woman [29]. They have experienced greater lifestyle shifts compared with the Tsimane owing
to closer proximity to the market and a stronger historical influence from missionaries. The Moseten also have greater Spanish
fluency and schooling, as well as greater access to medical and other services (e.g. electricity, running water) [18].

Individuals aged 40+ years were recruited from approximately 100 Tsimane villages in the Beni Department and 10 Moseten
villages across the Beni and La Paz Departments [12,29]. Age was assigned to each individual by cross-referencing known ages
from written records, photo comparisons of individuals with known ages, relative age rankings by multiple informants and
dated events. In one region, estimated ages were compared against Catholic mission birth records dating back to 1952, and all
estimates fell within a 3-year age range [44]. After recruitment, three individuals (two Moseten, one Tsimane) were found to be
39 years old but were included in the analysis as their ages closely matched the intended inclusion criteria.

(b) Cytokines

Cytokines were measured in serum samples from intravenous blood draws collected in the morning between 6:00 and 7:00
after an overnight fast and before any strenuous physical activity. Serum was allowed to clot, then immediately centrifuged,
aliquoted and frozen in liquid nitrogen. Samples were shipped on dry ice to Arizona State University, where they were stored
at —80°C until analysis using the Q-Plex Human Cytokine HS 15-Plex (Quansys) multiplex ELISA kit on the first freeze—thaw
cycle. The panel included IL-1a, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-15, IL-17, IL-23, IFN-y, TNF-a and TNF-3.
Control samples were run in duplicate to assess intra- and inter-assay variability, as indicated by the coefficient of variation
(CV). Across cytokines, the high control, between-plate median CV was 1.4% (range = 0.4-2.2), while the within-plate median
CV was 2.4% (range = 1.0-5.9). The median for the low control, between-plate CV was 20.4% (range = 12.9-30.8), while the
within-plate median CV was 6.7% (range = 3.9-42.9; see electronic supplementary material, table S1).

() Statistical analysis

All cytokines were log-transformed owing to positive skew. Values below the limit of detection were replaced by the mid-point
between the lower limit and zero. The proportions of samples below the limit of detection for each cytokine are as follows:
IL-1a = 0.05, IL-1P = 0.54, IL-2 = 0.02, IL-4 = 0.31, IL-5 = 0.22, IL-6 = 0.03, IL-10 = 0.03, IL-12 = 0.41, IL-13 = 0.44, IL-15 = 0.06,
IL-17 = 0.60, IL-23 = 0.22, IFN-y < 0.01, TNF-a < 0.01 and TNF-3 = 0.30. The small number of samples with concentrations above
the limit of detection (<1%) were replaced with the highest detected value. Cytokine distributions are presented in electronic
supplementary material, figures S1-S15 and table S2. Pearson correlations were calculated among all cytokines and principal
component analysis was used to further assess covariances. Age associations were tested using regression models (adjusted for
sex) with clustered robust s.e. to account for multiple measures provided by some participants. Since biomarkers often show
quadratic age trends, we considered both linear and quadratic terms in the models. ICCs were estimated from mixed effects
models adjusted for age, sex and time between samples (mean two years) with bootstrapped 95% confidence intervals [34].

3. Results

In total, 714 Tsimane participants (51.3% female) provided 1134 serum samples and 380 Moseten participants (48.2% female)
provided 423 serum samples (table 1). Of these individuals, 255 (36%) Tsimane and 42 (11%) Moseten provided repeat samples.
Ages for Tsimane participants ranged between 39 and 94 years (mean = 61.2), while ages for the Moseten participants ranged
between 39 and 85 years (mean = 58.3). As expected, based on greater lifestyle shifts in the Moseten, mean body mass index (BMI)
and waist circumference were slightly higher than the Tsimane (25.4 versus 23.9 kg m™ and 94.5 versus 90.5 cm, respectively).

The correlations among cytokines were all positive, varying in magnitude and were similar between the populations
(electronic supplementary material, tables S3-S5). The strongest correlations were among IL-1p, IL-12, IL-15 and TNEF-3 (r range,
0.65-0.74), while the weakest correlations were between IFN-y and IL-1a (r = 0.11), IL-5 (r = 0.09), IL-17 (r = 0.12) and IL-23 (r =
0.08), as well as between IL-23 and IL-2 (r = 0.12) and IL-10 (r = 0.12).

We also considered principal components (PCs) of the cytokines, based on a prior approach to measuring inflammaging as a
composite of multiple cytokines [45]. In both populations, the first PC (PC1) explained a large proportion of the total variance
(Tsimane = 34.2%, Moseten = 43.8%), with a large drop in explained variance for the other PCs (all < 10%) (electronic supplemen-
tary material, table S6). The loadings for PC1 were positive for all cytokines and nearly identical between the Tsimane and
Moseten (electronic supplementary material, table S7). The strongest loadings were for IL-1f, IL-12, IL-15 and TNF-3, while
the weakest loadings were for IL-2, IL-17, IL-23 and IFN-y. We included PCI, calculated with populations combined, in further
analyses. Since it had a normal distribution (electronic supplementary material, figure S16), we standardized values to improve
interpretability (mean =0, s.d. =1).
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Table 1. Sample characteristics.

(a) Tsimane I(Cs varied widely, with some lower but others approximating US/European samples

The ICCs ranged from 0.27 for IFN-gy, indicating lower between-person variation relative to within-person, to >0.70 for
IL-1B, IL-12, IL-15, IL-23 and PCl1, indicating higher between-person variation (table 2). The ICC for IL-6 was 0.49, indicating
approximately equal variation between- versus within-individuals, while the ICC for IL-10 was 0.42, indicating slightly greater
within-person variation relative to between-person. We also include Moseten ICCs, although owing to the smaller sample size
these should be interpreted with caution and considered exploratory. Moseten ICCs tended to be higher compared with the
Tsimane, although there was considerable overlap in 95% confidence intervals, consistent with the small sample size.

There are four published studies among post-industrialized populations that provided approximately comparable ICC
estimates for most cytokines, based on age range and time between samples. These include a study of US female participants
aged 35-65 years who provided serum samples 1-year apart [37], a US study of both male and female participants, aged
67-90 years, who provided serum samples approximately 18-24 months apart [34], a US study of male and female participants
aged 5570 years, who provided serum samples at baseline, 1 year post-baseline and 5 years post-baseline [38] and a study
of Swedish female participants, aged 42-62 years, who provided plasma samples an average of 2 years apart [36]. While the
Tsimane ICCs for some cytokines were lower than the US/European estimates (IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, IFN-gy,
TNF-a), others approximated them (IL-1p and IL-12). Further, while comparable estimates for IL-1a, IL-15, IL-23 and TNF-3
were unavailable, these Tsimane ICCs approximated the US/European ICCs for other cytokines, ranging between 0.66-0.75.

(b) Minimal inflammaging in the Tsimane, greater inflammaging in the Moseten

Associations between age and cytokines in the Tsimane are shown in table 3. Owing to space limitations, we present models
unadjusted for leukocytes in electronic supplementary tables s8-9. Age was not associated with TNF-a (8 = -0.001, p = 0.793),
while there was a non-significant negative association for IL-1 (8 = —0.012, p = 0.096). There was a positive quadratic age
association for IL-6 (8 = 0.001 p < 0.01) and a positive linear association for IL-10 (8 = 0.009, p < 0.01). Adjusting for leukocytes
in the models strengthened the association between age and IL-6, which became linear (table 3). In these adjusted models, a
one-year increase in age was associated with a 1.3% increase in IL-6 and 1.2% increase in IL-10 (both p < 0.01; figure 1). We also
present results for the pro-inflammatory cytokines involved in cellular immunity (IL-2, IL-12, IL-15, IFN-vy) in table 3 and figure
2. Age was positively associated with IL-2 (p < 0.05) as well as IFN-y after adjusting for leukocytes (p < 0.05). For both cytokines,
a 1-year increase in age was associated with a 0.8% increase.

Similar to the Tsimane, both IL-6 and IL-10 were positively associated with age in the Moseten (table 4 and figure 1). A 1-year
increase in age was associated with a 1.9% increase in IL-10 (p < 0.01). There was evidence for a quadratic association for IL-6,
which increased and then attenuated at later ages (age f = 0.025, p < 0.01, age® = -0.001, p < 0.05). In addition, a 1-year increase
in age was associated with a 0.8% increase in IFN-y (p < 0.05). However, in contrast to the Tsimane, age was positively associated
with IL-1p and TNF-a in the Moseten (table 4 and figure 1), where a 1-year increase in age was associated with a 2.1% increase
in IL-1B (p < 0.05) and a 1.1% increase in TNF-a (p < 0.01). In further contrast to the Tsimane, IL-2 was not associated with
age (B = 0.005, p = 0.288), while both IL-12 and IL-15 were positively associated (p < 0.05; figure 2). A 1-year increase in age
was associated with a 2.2% increase in IL-12 and a 1.7% increase in IL-15. Age associations for the Moseten were similar before
versus after adjusting for leukocytes; however, they were slightly attenuated owing to the limited subsample size (electronic
supplementary material, tables S10 and S11).

Age associations for the remaining cytokines and PC1 are shown in electronic supplementary material, tables S12-S15. These
additional biomarkers were largely unassociated with age in either population, although there were some negative quadratic
associations with TNF-$ (p <0.01) and PC1 (p < 0.05) in the Tsimane. In addition, PC1 was positively associated with age in the
Moseten (p < 0.05), with a one-year increase being associated with a 0.014 higher s.d. score.
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Table 2. Intra-class correlations.?

Tsimane® Moseten® estimates from US/European samples®

(95% CI) (95% CI) 1CCs

pro-inflammatory markers centrally involved in inflammaging

2lCCs obtained from mixed effects models adjusting for age, sex and time between samples (mean time between measures = 2 years).
by = 138 Tsimane provided 2 samples; n = 74 provided 3 samples; n = 38 provided 4 samples; n = 5 provided 5 samples.

‘n =41 Moseten provided 2 samples; n = 1 provided 3 samples

4US/European study ICC estimates come from Clendenen et al. [36], Gu et al. [371°, Guo et al. [34], and Hofmann et al. [38]°.

(c) Female participants had higher cytokines across both populations

Female sex was associated with higher cytokines in both Tsimane and Moseten populations, although this difference was more
pronounced in the Moseten. In the Tsimane, female sex versus male was associated with higher average concentrations for the
following cytokines: IL-1( (35.9%), IL-5 (46.3%), IL-10 (15%), IL-12 (37.1%) and IL-15 (34%). Female sex versus male in the
Tsimane was associated with a 0.203 higher s.d. score for PC1 (table 3 and electronic supplementary material, tables S12 and
S13). In the Moseten, female sex versus male was associated with higher average concentrations for the following cytokines:
IL-1B (56.9%), IL-2 (23.1%), IL-4 (47.3%), IL-5 (60.5%), IL-6 (30.6%), IL-10 (24.3%), IL-12 (53.4%), IL-13 (45.1%), IL-15 (49.7%),
1L-17 (44.7%), TNF-a (18.3%) and TNEF-f3 (52.7%). Female sex versus male in the Moseten was associated with a 0.411 higher s.d.
score for PC1 (table 4 and electronic supplementary material, tables S14 and S15).

(d) Additional results and sensitivity analyses

To assess whether the cytokine values below the limit of detection were biasing the ICCs, we re-estimated models excluding
those samples. These models showed similar results, suggesting that the replaced values were not systematically biasing
toward higher ICCs (electronic supplementary material, table S16). We also ran additional Tobit regression models for censored
data with the cytokines that had a large proportion of values below the limit of the detection. Using the lower limit of
detection as the censoring threshold, these models provided very similar results compared with the OLS models presented
in the main text (electronic supplementary material, tables 517-520). In addition, since excess adiposity —particularly visceral
fat deposition—might be a pathway linking lifestyle shifts to inflammaging, we considered additional models with BMI and
waist circumference. BMI was not associated with the cytokines in either population (electronic supplementary material, tables
521 and S22). Waist circumference was not associated with the cytokines in the Moseten, whereas in the Tsimane it was
positively associated with TNF-a (p < 0.05; electronic supplementary material, tables 523 and 524). Relatedly, we also considered
interactions between age and distance from the nearest town of San Borja in the Tsimane to further assess the link between
lifestyle shifts and inflammaging. These interaction terms were null; however, greater market distance was generally associated
with higher cytokines (electronic supplementary material, table 525). Finally, a small number of cytokine values were above the
limit of detection (<1%), which was mostly attributable to IL-23 and IFN-y. We ran additional models excluding values above
the limit of detection for these cytokines, which provided similar results (electronic supplementary material, tables S26 and S27).
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Figure 1. Age trends for Tsimane and Moseten cytokines (part 1). Lines reflect regression models shown in tables 3 and 4, with shaded 95% confidence intervals.
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Figure 2. Age trends for Tsimane and Moseten cytokines (part 2). Lines reflect regression models shown in tables 3 and 4 with shaded 95% confidence intervals.

4. Discussion

While prior studies of inflammaging have been informative, a primary focus on post-industrialized populations precludes
determination of whether inflammaging is a universal feature of ageing across populations, or if it is the product of environ-
mental mismatch. To address this gap, we explored whether Tsimane forager-horticulturalists show evidence of inflammaging,
reflected in the pro-inflammatory cytokines IL-1B, IL-6 and TNF-a. Inflammaging in the Tsimane appears to be minimal,
with only IL-6 showing a weak positive association with age and no corresponding increase in IL-1p or TNF-a. In contrast,
all three cytokines were positively associated with age in the neighbouring Moseten population, who are genetically similar
but have experienced greater shifts towards a more industrialized lifestyle compared with the Tsimane. Our results indicate
modest age-related increases in pro-inflammatory signalling within a subsistence population but also highlight inter-population
variation in the breadth and magnitude of inflammaging. They are also consistent with the role of lifestyle shifts associated with
market integration in growing health risk, including more pronounced inflammaging [46].
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Our results are consistent with a previous Tsimane study finding a positive association between age and C-Reactive Protein n

(CRP), which is regulated upstream by IL-6 [11]. The positive association between age and IL-6 might reflect the accumulation
of senescent cells with advancing age, which are known to produce this cytokine as part of the senescence-associated secretory
phenotype (SASP) [47]. In contrast, the positive associations between age and IL-1 and TNF-a in the Moseten might partly
reflect dysfunction and damage of the mitochondria. These organelles are essential for cellular metabolism and are one potential
pathway linking caloric excess and sedentary behaviour to ageing and chronic disease [48,49]. Damaged and dysfunctional
mitochondria increase reactive oxygen species (ROS) production, which activates the NF-kB inflammatory pathway and results
in the production of IL-13 and TNF-a [27]. Further, mitochondrial function has been highlighted as a potential mechanism
explaining the similarities in biomarker profiles between centenarians, who show limited inflammaging, and individuals
undergoing caloric restriction [14]. These findings highlight the importance of future studies exploring mitochondrial damage
and dysfunction in later life and its potential contribution to inflammaging in these populations.

The anti-inflammatory IL-10 was positively associated with age in both populations, with similar magnitudes. This is
consistent with prior studies in other populations suggesting inflammaging does not simply reflect increases in pro-inflamma-
tory signalling [45]. The increase in anti-inflammatory signalling might function to counterbalance pro-inflammatory signalling
(anti-inflammaging) [26]. Alternatively, increases in IL-10 might reflect immunosenescence. For example, there is experimental
evidence in mice that IL-10 plays a mechanistic role impairing later life immune responses [50]. The Tsimane show other
evidence of immunosenescence, such as declining naive CD4+ T cells, which occurs at an accelerated rate compared with US
data [11]. Future studies of immune response to antigenic challenge, including in vivo and in vitro assessments, may help clarify
these possibilities.

Related to immunosenescence, the positive associations in both populations between age and cytokines involved in cell-
mediated immunity might reflect the re-activation of latent viruses in later life with impaired immune surveillance. The
cytokines IL-2, IL-12, IL-15 and IFN-y are involved in anti-viral defence, and previous research suggests that latent viruses can
be additional contributors to inflammaging [6,25]. Alternatively, these increases could reflect age-related immune remodelling,
as these cytokines are also involved in augmenting programmed cell death and preventing tumour development [25,51]. Future
studies on viral and cancer prevalence can help clarify these possibilities.

There is likely a complex relationship between infectious burden and inflammaging among the Tsimane. Most adults are
infected with parasitic helminths that consume circulating glucose and lipids, potentially exerting protective cardiometabolic
effects [19]. Further, helminths induce anti-inflammatory signalling in the host to inhibit immune clearance [21]. Their role in
anti-inflammaging has been proposed previously [52], and it could mitigate chronic elevations of pro-inflammatory cytokines in
the Tsimane. Therefore, while pathogens like viruses could potentially induce inflammaging, parasitic helminths might have the
opposite effect. In addition, early-life microbial exposures are important immunomodulators, with potentially lasting effects into
adulthood [7]. This might be another factor protecting the Tsimane from inflammaging. Future studies comparing generations, in
which the older generation received more diverse microbial exposures in early life, can help decipher this possibility.

Owing to the more frequent infections experienced by the Tsimane and the resulting within-person cytokine variability, we
expected lower ICCs compared with US/European samples. While this was the case for some cytokines, such as IL-6, others
unexpectedly showed comparable estimates. These results suggest stable individual differences in immune function over time,
which is likely owing to a combination of factors. First, given the large sample size spanning multiple communities, there could
be differences in infectious and microbial exposures by community. Consistent with this, greater distance from the nearest
town of San Borja was generally associated with higher cytokine concentrations. Second, there is evidence that genetic variation
within the population contributes to individual differences in the immune response to these exposures [30,53].

The higher average BMI and waist circumference in the Moseten are consistent with their greater lifestyle shifts and
rising health risk, including more pronounced inflammaging. However, these measures were not associated with cytokine
variation. In addition, BMI was not associated with cytokine concentrations in the Tsimane, while waist circumference was only
positively associated with TNF-a. We caution overinterpretation of these findings, given that BMI and waist circumference are
not perfect proxies for visceral adiposity —the primary driver of chronic inflammation. They are also complicated by fat-free
body mass, which is particularly salient given the high activity level of these populations, particularly the Tsimane. The
relationship between adiposity and inflammation is also complicated by age, which could further explain the largely null results
between waist circumference and markers of inflammaging. In early and middle adulthood, greater visceral adiposity drives
meta-inflammation. However, adiposity tends to decline in late life, while inflammaging continues to develop and might in fact
play a role in fat mass loss [54]. Therefore, while meta-inflammation and inflammaging are related, meta-inflammation precedes
and augments inflammaging. Consistent with this, Moseten waist circumference declined with age (electronic supplementary
material, figure S17). In addition, when we split the Moseten sample by median age, the younger group showed a marginally
significant association between waist circumference and IL-6 (8 = 0.016, p < 0.10), which was not present in the older subsample
(electronic supplementary material, table 528). While the relationship with adiposity is complex, genetic data showing minimal
differences between the Tsimane and Moseten [30], as well as dietary data showing greater market integration in the Moseten
[18], suggest that lifestyle shifts likely explain their more pronounced inflammaging. Finally, town distance —a proxy for market
integration—did not modify the age associations in the Tsimane. However, this is likely explained by the minimal overall age
associations and resulting limited variability across communities.

While sex differences in cytokine concentrations were not a main focus of our study, adjusting for participant sex in
regression models revealed that female participants across both populations tended to have higher cytokine concentrations
compared with male participants. Stronger immune responses in females have been reported across species, and female sex is
associated with greater risk for autoimmunity in post-industrialized populations [55,56]. While the mechanisms are complex
and not fully understood, there is evidence for the roles of sex chromosomes and steroid hormones (oestrogen, progesterone,
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testosterone) in the modulation of both innate and adaptive arms of the immune system [56]. However, sex differences in m

cytokine profiles and function are understudied, particularly in high-fertility populations [40,55,57,58]. A study of Italians
reported higher IL-1f3, IL-6 and TNF-at in men [59], while other studies have shown mixed results. For example, a sex difference
in IL-13 was not found in the INCHIANTI study [60]. Men had higher average IL-6 in the US Health and Retirement Study
(HRS) [61] but not in the Baltimore Longitudinal Study on Aging (BLSA) or Midlife in the United States (MIDUS) [62,63]. In
contrast, women had higher average IL-6 in the Multi-Ethnic Study of Atherosclerosis (MESA) [64]. Multiple studies in Brazil,
including a nationally representative study, have reported either mixed, weak, or no evidence for sex differences in cytokines
[65-68]. While reasons for these discrepancies are not clear, our consistent results of higher average cytokine concentrations
among female participants might reflect stronger immune responses to the highly infectious environment, although more
research is needed.

Our study has important limitations. Our samples were largely cross-sectional, limiting our ability to assess changes within
individuals over time. In addition, while the cytokines assessed are centrally involved in inflammaging, they are not an
exhaustive list. The addition of other measures in future studies can further clarify inflammaging, such as high-throughput
gene expression and proteomics. We were also limited by the detection range of the assay, which resulted in a large number
of values falling below detection for some cytokines. However, our sensitivity analyses, including re-estimating ICCs without
these values as well as Tobit regression models for censored data, suggest no bias owing to limits of detection. Another
limitation is our sample size. With a larger sample, we might have found greater associations with age in the Tsimane.
However, if a very large sample is required to detect more significant age trends, we think this reinforces our conclusion
of minimal inflammaging. In comparison, despite the much smaller Moseten sample, we found more consistent associations
between age and pro-inflammatory cytokines. Our cytokine measures were also influenced by technical variation, which we
quantified using CVs in electronic supplementary material, table S1. Since this variation is random, it should not influence the
population comparison. However, it could contribute to reduced statistical power and therefore possibly an underestimation of
inflammaging. Finally, we did not use a multiple testing correction. This was because of our interest in assessing broad patterns
across the cytokines, which would be obscured by a conservative significance threshold. Further, the number of significant age
associations in the Moseten is much higher than would be expected by chance.

Here, we report minimal inflammaging among Tsimane forager-horticulturalists. These findings contribute to a growing
body of work documenting variation in immune ageing trajectories across human populations, challenging the assumption of
a universal inflammaging profile. While we find some increase in pro-inflammatory signalling, reflected in IL-6, we did not
find increases in other notable pro-inflammatory markers including IL-1p and TNF-a. The more pronounced inflammaging
observed in the Moseten, who are genetically similar to the Tsimane and whose samples were analysed simultaneously,
points to lifestyle and environmental shifts as primary drivers, rather than genetic differences or batch effects. Future research
can help clarify the relationship between lifestyle shifts and inflammaging, for example by incorporating direct measures of
visceral adiposity. Studies are also needed to assess the relationship between infectious and early-life microbial exposures and
inflammaging. Finally, future studies are needed to understand the potential health implications of these profiles, such as their
relationship with immunosenescence, cardiometabolic health, brain ageing, frailty and all-cause mortality.
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