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ABSTRACT
The present narrative review explores 
the multifactorial aetiology of rheuma-
toid arthritis (RA) and other immune-
mediated inflammatory disorders (IMI-
Ds), emphasising the significant role of 
various environmental factors in disease 
development and exacerbation. Key 
modifiable environmental factors such 
as cigarette smoking and air pollution 
are identified as major contributors to 
RA. We will also focus on the influence 
of weather, seasonality, and particularly 
vitamin D levels, on RA activity, suggest-
ing potential for seasonal management 
and supplementation to mitigate disease 
severity. The emerging role of diet and 
the gut microbiome in RA pathogenesis 
and progression is discussed as well, 
with dietary interventions and specific 
nutrients like omega-3 fatty acids offer-
ing protective benefits against inflam-
mation. Despite the mounting evidence 
around these factors, further research is 
needed, to better understand the clinical 
impacts on RA, including well-designed 
randomised clinical trials.

Introduction
Rheumatoid arthritis (RA) is a chronic 
systemic autoimmune disease. The 
prevalence of RA varies globally, with 
generally a higher prevalence in in-
dustrialised countries (1). While this 
observation might be due to a greater 
diagnostic competence, epidemiologi-
cal studies show that the incidence and 
the prevalence of immune mediated 
inflammatory disorders (IMIDs) are 
increasing steadily in the last decade. 
The etiopathogenesis of RA and most 
IMIDs is still unknown but it certainly 
involves genetic, epigenetic and envi-
ronmental factors. Unrevealing the fac-
tors associated with the development 
and exacerbation of IMIDs is crucial 
in order to discovery new and effective 
targets for therapies and, possibly, to set 

up appropriate public health prevention 
strategies (2). In the present narrative 
review, we will summarise the effect of 
common and widely studied environ-
mental (and partially modifiable) fac-
tors associated with the development of 
RA and other IMIDs of interest (Fig. 1).

Cigarette smoke
The most common modifiable risk fac-
tor for RA is cigarette smoking. Ciga-
rettes have been associated with both 
severity and exacerbation of RA (3, 4).
Several case-control studies, retrospec-
tive studies and meta-analyses showed 
that in heavy smokers, the risk of devel-
oping RA is around 2-fold higher com-
pared to never smokers, with evidence 
of a dose-response based on pack-year 
exposure. The risk with smoking ap-
pears to be much stronger for the devel-
opment of seropositive RA, rather than 
seronegative including both rheumatoid 
factor (RF) and anti-citrullinated protein 
antibodies (ACPAs) positive RA (5, 6). 
Interestingly, patients with cigarettes 
related lung disease had been shown to 
develop more commonly RF positive 
RA, as opposed to ACPAs (7), but the 
underlining mechanisms is largely un-
known. The risk of the development of 
RA in smokers appeared to be higher in 
long-lasting smokers than in short-peri-
od one with a significant dose-response 
trend as shown in a prospective study of 
Karlson et al. (8). Intensity and duration 
of smoking contribute independently to 
the relative risk of RA (8). Cigarette 
smoking generates a proinflammatory 
process, with multiple effects on key 
immune cells both systemically and 
at the mucosal surface. Combustion 
smoke contains thousands of chemicals 
including immunomodulators such as 
nicotine, carbon monoxide, acrolein 
and oxygen free radicals (9). Cigarette 
smoke contains several toxic molecules 
such as tar, carbon monoxide, nicotine, 
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acetaldehyde, methane, hydrogen cya-
nide (HCN) and others (10). Although 
it is still unknown which molecules 
determine the increase of the risk of 
development of RA or the production 
of ACPA, some studies found that the 
ratio of TNF-α/sTNFRII (TNF receptor 
II) released from stimulated T lympho-
cytes was significantly higher in both 
current and past smokers than in those 
who had never smoked (11). 
At the mucosal surfaces, cigarette smoke 
activates local epithelial cells to produce 
pro-inflammatory cytokines, which en-
hances immune cell recruitment to illicit 
an inflammatory response (12). At a sys-
temic level, cigarette smoking skews the 
immune system towards a proinflam-
matory response. Multiple studies sug-
gested that smoke influences helper T-
cell polarisation skewing differentiation 
towards Th1 and Th17 CD4 T-cells (6). 
Cigarette smoke was also studied as 
a risk factor for more severe type of 
RA regarding radiologic progression 
of the disease: in a randomised-trial of 
Van Vollenhoven et al. current smok-
ing habits was found as a strong inde-
pendent predictor of radiographic pro-

gression (13). Smoke is not only a risk 
factor for the development of RA and 
RA-associated autoantibodies but may 
also contribute to a weaker response to 
csDMARD Methotrexate and anti-TNF 
therapy (14, 15). In an observational 
study of Van Laar et al. smoking sta-
tus was found as a rather moderate, but 
robust predictor for discontinuation of 
TNF-i therapy (16).
Regarding the remission and response 
to therapy lower rates of sustained 
remission had been demonstrated in 
current smokers compared with ex-or 
never smokers (17).
Smoke can be considered a risk factor 
for the development of RA, a higher 
radiologic progression-rate and a lower 
response to therapies but smoking re-
duction and cessation are associated 
with a lower risk of development of RA 
and mortality (18) therefore we should 
encourage patients to stop smoking.

Environmental air pollution
In the last years the exposure to air pol-
lution has been implicated in the occur-
rence and development of several auto-
immune diseases such as inflammatory 

bowel disease (19), multiple sclerosis 
(20), and systemic rheumatic disease. 
Combustion derived environmental air 
pollution shares numerous toxic com-
ponents with cigarette smoking and, 
therefore, is it not surprising of such 
association. Air pollution is a complex 
mixture of particulate matter (PM) and 
gases (e.g. carbon monoxide [CO], ni-
trogen dioxide [NO2], ozone [O3] and 
sulfur dioxide [SO2]) (21). Similarly 
to cigarette smoking, airborne air pol-
lution can negatively alter the immune 
response. It has been prove that many 
components of diesel combustion can 
bind to the aryl hydrocarbon recep-
tor (AHR) to regulate Th17 and Treg 
cells (22). Oxidative stress and induc-
ible bronchus associated lymphoid tis-
sue (iBALT) caused by the pollutants 
can influence T and B cells, resulting in 
the production of proinflammatory cy-
tokines. These cytokines further stimu-
late the immune response, contributing 
to autoimmunity development. New 
evidence suggests that mucosal sites 
such as the periodontium, gastrointesti-
nal tract and/or lung, could be potential 
sites of early autoantibody production 

Fig. 1. Environmental exposures and arthritis, a complex interplay.
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in RA patients prior to diagnosis. It has 
been postulated that reactive oxygen 
species released by gaseous pollutants 
could enter the respiratory tract and ac-
tivate production of pro-inflammatory 
cytokines; the resulting inflammation 
might preferentially target synovial 
joints and lead to peptide citrullination 
and ACPA production, ultimately lead-
ing to RA development (23).
Moreover, air pollutants may induce 
epigenetic changes to contribute to 
IMIDs risk (21). PM exposure has been 
associated with an increased production 
of interleukin IL-1, IL-6 and tumor ne-
crosis factor (24). The fine particulate 
matter PM2.5 (2.5 micrometers) are 
derived from combustion processes, 
including vehicle emissions, wildfires, 
wood and coal burning and indus-
trial processes appears to be the most 
harmful as it includes multiple parti-
cles (sulfates, nitrates, acids, and met-
als) adsorbed onto their surfaces (25). 
PM2.5 inhalation has been shown to 
stimulate alveolar macrophages, lead-
ing to increased CRP, platelet, and leu-
kocyte activation and increased pro-in-
flammatory mediators (26). Kerr et al. 
conducted a study on air pollution and 
autoantibodies status in RA finding out 
that fine particulate matter (PM2.5) ex-
posure independently predicted higher 
ACPA concentration (27).
The assessment of the impact of air 
pollution on health involves analysing 
both long-term and short-term expo-
sure, each requiring distinct methodolo-
gies. For long-term effects, air pollution 
needs to be measured over extended 
periods. However, these methods face 
challenges in estimating lifetime ex-
posure, particularly since systematic 
measurements began only in the late 
20th century. Consequently, long-term 
exposure is often approximated from 
specific time windows, potentially 
leading to misclassification due to fac-
tors like patient relocation. In contrast, 
acute exposures are examined through 
different study design. Case-crossover 
studies are commonly utilised to this 
aim (28, 29). Case-crossover studies 
are particularly effective for studying 
the impact of short-term pollution ex-
posure on the onset of acute diseases. 
Unlike traditional case-control studies, 

case-crossover designs compare differ-
ent time periods within the same patient 
group, allowing for improved control 
of confounders. Conditional logistic 
regression is commonly employed in 
these studies to address time-varying 
confounders, offering a more precise 
analysis of the transient effects of air 
pollution on health. Nonetheless, oth-
er designs like interrupted time series 
design have been used to assess the 
impact of time-varying pollutants on 
health outcomes. Interestingly, in the 
field of IMIDs, several studies showed 
a difference between chronic and acute 
exposure to air pollution.
A recent case-crossover study found 
that short-time exposure to high levels 
of air pollution can exacerbate RA. In-
terestingly, a dose-response association 
between airborne pollutants concentra-
tions and CRP levels has been demon-
strated (30). In addition, concentrations 
of pollutants were higher before treat-
ment failures in chronic arthritides, 
including RA, suggesting a possible 
inference of air pollution on retention 
rate of such medications (31). The acute 
exposure and the effect on disease activ-
ity was also studied in Systemic Lupus 
Erythematosus by Rezayat et al. who 
published a comprehensive meta-anal-
ysis including six studies delineating a 
positive correlation between an incre-
mental to PM2.5 and the SLE disease 
activity index (SLEDAI) (32).
On the other hand, there is ample evi-
dence supporting  the association be-
tween chronic exposure to air pollution 
and the risk of developing RA (33–36). 
Studies on influence of air pollution on 
IMIDs are several, not only for RA but 
also for other common rheumatic dis-
ease. One recent study of Brito-Zerón 
et al. showed that patients with Sjogren 
Disease living in more polluted areas 
had higher typical symptoms such as 
mouth and eyes dryness and higher 
disease activity index (ESSDAI) at the 
diagnosis. They also found a significant 
association between worse expositions 
to air pollutants and severe systemic dis-
ease (37). Regarding systemic sclerosis, 
a recent French retrospective study of 
patients with SSc-associated ILD evalu-
ated the contribution of the principal air 
pollutants (PM10, PM2.5, NO2, and O3) 

to the natural course of SSc-associated 
ILD finding out that O3 (ozone)  expo-
sure was significantly associated with 
the presence of extensive ILD and with 
progression at 24 months (38). Air pol-
lution could also be related to the oc-
currence and development of systemic 
vasculitides, such as antineutrophil 
cytoplasmic antibody (ANCA) or Ka-
wasaki disease, as evaluated in several 
studies (39, 40). 
Considering the strong evidence link-
ing air pollution exposure to the ag-
gravation of autoimmune diseases, 
including its emerging role in the de-
velopment, severity, and recurrence of 
RA, it becomes imperative for policy-
makers worldwide to take action. Yet, 
further studies are essential to identify 
the specific pollutants most implicated 
in the pathogenesis and activity of RA. 
By understanding which pollutants are 
most harmful, governments can target 
these modifiable environmental factors 
with interventions aimed at reducing ex-
posure and, consequently, the burden of 
autoimmune diseases such as RA. This 
knowledge is crucial for developing 
strategies to mitigate the impact of air 
pollution on public health, especially for 
those living with IMIDs.

Weather and seasonality
The assumption that climatic environ-
ment influences the signs and symp-
toms of RA is widely believed. Several 
seasonality factors may contribute to 
the disease activity and pain such as 
humidity, atmospheric pressure, tem-
perature, UV exposure (41).
In the clinical practice we routinely no-
tice that many patients with RA com-
plained of fluctuation in joint symp-
toms according to climatic factors such 
as air temperature, humidity, and at-
mospheric pressure; however, there is a 
paucity of scientific evidence support-
ing this generally held assumption. It 
is also commonly reported that climate 
and the environment are associated RA 
pathogenic factors (42).
Humidity is among the most frequently 
studied climate factor. An animal ex-
perimental study showed that a state 
of high humidity (80± 5%) could ag-
gravate arthritis by increasing arthritis 
score, serum autoantibodies (i.e. AC-
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PAs), and proinflammatory cytokines 
(IL-6, IL-17A, and G-CSF). This came 
with upregulation of Xylitol and L-py-
roglutamic acid in the microbiome, un-
derling the association between gut, en-
vironment and immune system (43). In 
addition, a recent, but arguably small, 
population study highlighted the pos-
sibility that climatic environment, such 
as air temperature and pressure, might 
have an effect on the proportion of T 
and B cell subpopulations, possibly 
triggering autoimmunity in RA (44).
The potential link between seasonal-
ity and the activity of RA is a subject 
of increasing interest within the medi-
cal community, particularly concerning 
the role of vitamin D (45). Vitamin D, 
known for its fluctuating levels across 
different seasons, emerges as a signifi-
cant variable directly associated with 
RA disease activity. Research, includ-
ing a recent comprehensive review, 
has highlighted an inverse relationship 
between the levels of activated vitamin 
D in the plasma and the severity of RA 
symptoms (46). This relationship was 
meticulously quantified using the Dis-
ease Activity Score in 28 joints (DAS-
28). The findings suggest that lower 
plasma levels of vitamin D, which are 
common during the less sunny months, 
could exacerbate RA symptoms. This 
seasonality effect underscores the im-
portance of vitamin D as not only a 
marker of disease activity but also po-
tentially a modifiable risk factor in the 
management and treatment of rheuma-
toid arthritis, hinting at the therapeutic 
potential of vitamin D supplementation 
in mitigating disease severity according 
to seasonal variations. (46, 47). Vitamin 
D can act in the pathogenetic RA pro-
cess at multiple levels. Vitamin D can 
directly downregulate the expression of 
macrophage aromatases, reducing the 
production of auto-reactive B lympho-
cytes and modulate cytokines expres-
sion (45, 48, 49). In spring, a worsen-
ing of inflammatory articular symptoms 
had been reported (50). In contrast, RA 
appeared to be less symptomatic in au-
tumn (50). Levels of vitamin D reach-
es a nadir during late winter and early 
spring, and this could explain the exac-
erbation of disease during early spring 
when levels of vitamin D are still at 

their lowest (51). Moreover, RA onset 
during winter or spring (low UV and 
low vitamin D) rather than summer or 
autumn seemed to be associated with a 
rapidly progressive erosive disease (52). 
Fascinatingly, the VITAL trial revealed 
that regular intake of vitamin D was 
linked to a reduced occurrence of auto-
immune diseases (53). This correlation 
became evident after two years of daily 
vitamin D consumption and diminished 
once supplementation ceased (54). 
However, the specific clinical ben-
efits of vitamin D supplementation in 
managing RA still require clarification 
through well-conducted randomised 
clinical trials that are sufficiently pow-
ered and employ appropriate dosages 
and durations of supplementation.
Other rheumatic diseases convey the 
seasonality, for instance systemic lupus 
erythematosus. Exposure to sunlight and 
ultraviolet radiation (especially UVA 
and UVB) induce photosensitivity, skin 
rashes, and recurrence in patients with 
pre-existing SLE (55).   SLE has been 
shown to have seasonal variation, with 
higher incidence in the summer, during 
which UVR is the strongest (56) The 
influence of seasonality was also found 
on disease activity of SLE, some studies 
have demonstrated that there are more 
cases of new onset and recurrence of 
SLE in winter and spring than in sum-
mer and autumn (56, 57). In Sjögren’s 
syndrome a correlation between vitamin 
D levels and extraglandular involve-
ment, especially peripheric nervous sys-
tem involvement, was studied consider-
ing the neuroprotective and neuroactive 
properties of vitamin D (58). It could in-
crease nerve growth factor in Schwann 
cells, glial cells that generate myelin 
sheath and provide trophic support to 
the neurons (59). Taken together, all the 
data suggest a possible role for vitamin 
D in the peripheral neuropathy of SD 
and incite further exploration (60). 

Diet and microbiome
In recent years, an increasing number of 
studies suggested that diet has a central 
role in RA risk and progression. In this 
context, nutrition has both direct roles 
in disease development through the 
provision of (anti)-inflammatory food 
components, and indirect roles through 

effects on the body mass index (BMI), 
visceral fat accumulation and by con-
tributing to the development of diabetes 
and CVD (61). Several nutrients, such 
as polyunsaturated fatty acids, pre-
sent anti-inflammatory and antioxidant 
properties, featuring a protective role 
for RA development, while others such 
as red meat and salt might have a harm-
ful effect (62). Specifically, the effect 
of fasting, the Mediterranean diet, veg-
etarian diet and specific food substances 

on disease activity in RA has been in-
vestigated in various studies all over the 
world (63, 64). 
Gut microbiota alteration and body 
composition modifications are indirect 
mechanisms of how diet influences RA 
onset and progression. Even if the re-
lationship between RA and diet is not 
as strong as other risk factors (smoke 
primarily), dietary influence has been 
widely studied, also considering the 
complex nature of nutrient provision. 
Moreover, diet represents a major fac-
tor influencing microbiota composition, 
which has been involved in the dis-
ease’s development (65).
One hypothesis for the pathogenesis of 
RA is that disease begins at mucosal 
sites because of interactions between 
the mucosal immune system and an ab-
errant local microbiota, and then tran-
sitions to involve the synovial joints. 
Alterations in the composition of the 
microbial flora in the lungs, mouth 
and gut in individuals with preclinical 
and established RA suggest a role for 
mucosal dysbiosis in the development 
and perpetuation of RA, although es-
tablishing whether these alterations are 
the specific consequence of intestinal 
involvement in the setting of a systemic 
inflammatory process, or whether they 
represent a specific localisation of dis-
ease, is an ongoing challenge (4, 66). 
Dietary habits could represent both dis-
ease risk and protective factor, based on 
the properties of specific foods. Spe-
cific dietary choices can indeed show 
pro-inflammatory effects (for example 
red meat, salt, excessive caloric intake) 
or on the contrary reduce inflammation 
(oil, fatty fish, fruit and others) (67). 
Although most studies focused on 
pathogenesis, there is evidence that the 
microbiome and diet could impact on 
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disease expression, course and outcome 
(68). Several studies have recently sug-
gested that the use of omega-3 and mod-
erate alcohol consumption may have a 
protective effect on RA evolution, par-
ticularly among smokers or individuals 
at high risk (69). Fasting resulted in 
significant but transient subjective im-
provements and the Mediterranean diet 
demonstrated improvements in some 
RA disease activity measures. Other 
dietary regimens such as vegetarian, 
elimination, peptide, or elemental diets 
showed very individualised responses.
Among food nutrients associated with 
inflammation and risk of auto-immune 
diseases one of the most studied is ome-
ga-3 fatty acid. The risk reduction of RA 
associated to a higher intake of omega-3 
fatty acids is related to their anti-inflam-
matory properties, inhibiting leucocyte 
chemotaxis, adhesion molecule expres-
sion and production of pro-inflammato-
ry leukotrienes and prostaglandins from 
omega-6 fatty acids (70, 71). A recent 
systematic review and meta-analysis on 
effects of PUFAs concluded significant 
positive effects on several outcomes in 
RA, although not in DAS28 (72). The 
Sweden group of Vadell et al. conducted 
a randomised, controlled crossover trial 
on patients with active RA comparing 
the effects on disease activity of an anti-
inflammatory diet (rich in unsaturated 
fat, fish, vegetables, wholegrain cereals) 
compared to a control diet consisting of, 
among other things, meat, refined grains 
daily, white bread. The study found 
no significant difference in effects on 
DAS28 and its components between the 
intervention and the control diet. But 
a significant improvement in disease 
activity was obtained during the inter-
vention period and significantly lower 
DAS28 after intervention than after 
control diet (73).
The gut microbiota, including all the 
commensal and potentially pathogenic 
bacteria residing in the human gastroin-
testinal system, plays a major role in the 
physiologic and immunologic homeo-
stasis of the organism and its alteration 
could be related to the pathogenesis of 
several inflammatory diseases, includ-
ing RA (74). Several authors reported 
an abundance of Prevotella coprii in 
early RA patients with a significant ef-

fect on the inflammatory response: an 
increase of related Th17 cytokines (i.e. 
IL-6, IL-23), an increased gut perme-
ability with a major penetration of 
external antigens and bacteria, and a 
mutual decrease of protective species 
(75). Interestingly, Prevotella spp is 
a diet-responsive bacteria: in particu-
lar its increase is related to high-fibre 
diet (76). Some authors postulate that 
the microbiota and the intestinal bar-
rier may be a missing link between the 
various nutritional factors and the de-
velopment of RA. The modification of 
microbiota using dietary interventions 
and focusing on the improvement of the 
intestinal barrier function may become 
an important component for “preven-
tive” nutritional strategies (77). 
Not only in RA but also in primary 
Sjögren’s syndrome researchers gave 
attention to bacteria and microbiome 
in pathogenesis and severity of the 
disease: it is possible that distorted im-
mune response to a normal microbiota, 
rather than specific infections, may be 
a first step in the pathogenesis of pSS. 
Autoimmune epithelitis and dryness 
of mucosal surface, as well as autoim-
mune processes, may sensitise to cer-
tain bacterial infections (78). Three 
pathways might help to clarify the po-
tential contribution of microbiota to 
pSS pathogenesis: molecular mimicry, 
metabolite changes and epithelial tol-
erance breakdown (79). Similar type 
of research was made also in patients 
with systemic lupus erythematosus: re-
searchers found out that several patho-
bionts and pathways are related to local 
or systemic inflammation processes and 
immune system dysregulation in animal 
lupus models, but remains to be deter-
mined how consistent they are among 
different patient populations and which 
microbial antigens drive immune intol-
erance to produce several lupus-related 
autoantibodies (80)
In aggregate, some dietary approaches 
may improve RA symptoms and thus it 
is recommended that nutrition should 
be routinely addressed (81).

Conclusion
In conclusion, in the present review we 
underscored the multifaceted nature of 
RA, highlighting the significant inter-

play between genetic, epigenetic, and 
environmental factors in the etiopatho-
genesis. Notably, modifiable risk factors 
such as cigarette smoking and air pol-
lution have been identified as key con-
tributors to the development and exac-
erbation of RA, with smoking cessation 
and pollution reduction emerging as 
critical strategies for disease prevention. 
Furthermore, the complex relationship 
between weather, seasonality, and RA 
activity – particularly the role of vitamin 
D – underlines the potential for seasonal 
management strategies and supplemen-
tation to mitigate disease severity. The 
emerging evidence linking diet and the 
gut microbiome to RA pathogenesis and 
progression points to the importance of 
dietary interventions in managing RA, 
with specific nutrients such as omega-3 
fatty acids offering protective benefits 
against inflammation. We also recog-
nised the necessity for further research, 
particularly well-designed randomised 
clinical trials, to better understand the 
clinical impacts of these environmental 
and lifestyle factors on RA. Such in-
sights are crucial for developing more 
effective therapies and public health 
prevention strategies, ultimately aiming 
to alleviate the burden of these diseases 
and improve the quality of life for af-
fected individuals. The collective find-
ings from various studies emphasise the 
importance of a holistic approach in the 
management and treatment of RA, in-
corporating both pharmacological inter-
ventions and lifestyle modifications to 
address the complex interplay of factors 
contributing to the disease.
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