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Abstract

Summary Our systematic review and meta-analysis indicated that pro-inflammatory diets, as measured by higher Dietary
Inflammatory Index scores, are significantly associated with lower BMD of lumbar spine and total hip as well as elevated risk
of osteoporosis and fractures. These findings may contribute to the development of public health strategies.

Introduction Inflammatory Index (DII) is a method to assess the inflammatory potential of diets; it has been reported to be
associated with several diseases. However, the relation between DII and bone health remains controversial for the inconsistent
findings from previous studies. This systematic review and meta-analysis aimed to ascertain the underlying relationships between
DII and bone mineral density (BMD), osteoporosis risk, and fracture risk.

Methods We systematically searched PubMed and Web of Science for all relevant epidemiological studies published up to
May 1, 2020. Fixed-effects model or random-effects model was employed to pool the study-specific effect sizes (ESs) and 95%
confidence intervals (CIs).

Results Eleven studies with a total of 127,769 participants were included. We found that continuous DII was negatively
associated with BMD of lumbar spine (odds ratios [OR]: 0.990; 95% CI. 0.984, 0.995) and total hip (OR: 0.995; 95% CI:
0.990, 0.999), but not femoral neck (OR: 0.998; 95% CI: 0.994, 1.002). Moreover, the highest category of DII displayed
significantly associations to increased risk of osteoporosis (ES: 1.31; 95% CI: 1.16, 1.48) and fractures (ES: 1.28; 95% CI:
1.03, 1.59) compared with the lowest category of DII, respectively.

Conclusion Our analysis indicated that diets with high pro-inflammatory components might increase the risk of osteoporosis and
fractures and lower BMD of lumbar spine and total hip. More prospective studies involving populations of diverse ages and
genders are expected to further verify the universality of the results.
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Introduction

Y. Fang and J. Zhu contributed equally to this work. Osteoporosis is a systemic metabolic disease characterized by

decreased bone mass, degenerative variations of bone micro-
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structure, and increased bone fragility, thereby elevating the risk
of fracture and even death [1]. Based on the World Health
Organization, the osteoporosis is indicated when bone mineral
density (BMD) values are 2.5 standard deviations (SDs) or more
below the mean values of young, healthy females aged 20 to
29 years [2]. BMD is also used as an independent predictor of
fracture risk. Osteoporosis has affected approximately 200 million
people worldwide and led to a high disability rate as well as ag-
gravating social costs, thus becoming a serious global burden [3].

Chronic inflammation plays a critical role in tissue damage
and is closely related to multiple chronic conditions, including
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osteoporosis and fractures [4, 5]. A number of studies have
indicated that diet, as the key source of biologically active
ingredients, could mediate inflammation response [6].
Certain nutrients, such as vitamins A, C, E, and carotenoids,
and minerals like selenium and zinc, may have anti-
inflammatory features, as well as drinks/foods like green tea,
fatty fish rich in omega-3 polyunsaturated fatty acids [7-9]. In
contrast, consumption of red meat (rich in cholesterol and
saturated fats) may result in pro-inflammation outcomes
[10-12]. Therefore, it may contribute to the development of
public health strategies by investigating the potential effects of
diet-related inflammation in bone health.

The Dietary Inflammatory Index (DII) refers to a novel
scoring system developed to quantify the inflammatory poten-
tial of diets among different populations [13]. Such index was
created by assigning a score for each of 45 food parameters
reported to regulate the levels of 6 specific inflammatory bio-
markers. It has been verified that a higher DII score was cor-
related with high concentrations of inflammatory biomarkers
(e.g., C-reactive protein [CRP] and tumor necrosis factor al-
pha [TNF-«]) [14, 15], suggesting that DIl may be conducive
to clarify the relationship between the inflammatory potential
of diets and chronic diseases. Actually, higher DII score has
been shown to be associated with elevated risk of various
cancers [16], cardiovascular diseases [17], obesity [18], and
depressive disorders [19] in systematic reviews and meta-
analyses.

For DII and bone health, several studies reported positive
associations between elevated DII score and the risk of frac-
tures [20, 21]. However, one multi-racial cohort study of
92,694 postmenopausal women exhibited an inverse associa-
tion [22]. Besides, it was reported that the elevated DII score
was associated with lower BMD of lumbar spine and total hip
[23, 24]. However, Cervo et al. found no statistically signifi-
cant association between DII and BMD among older
Australian men [25]. Accordingly, the relationship between
DII and bone diseases remains controversial for inconsistent
results among different epidemiological studies. To our
knowledge, no systematic review and meta-analysis has been
conducted to conclude this issue.

Thus, this systematic review and meta-analysis aimed to
comprehensively pool available data and precisely ascertain
the association between the inflammatory potential of diet, as
measured by the DII score and BMD, osteoporosis risk, and
fracture risk.

Materials and methods

The whole process of the present meta-analysis complied with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guideline [26].

@ Springer

Search strategy

We conducted a comprehensive literature search for all poten-
tially relevant observational studies in PubMed and Web of
Science up to May 1, 2020. The following keywords were
adopted: (“bone mineral density” OR “bone density” OR
“bone loss” OR “osteoporosis” OR “osteopenia” OR “frac-
ture” OR “broken bone”) AND (“inflammatory”” OR “inflam-
mation” OR “anti-inflammatory” OR “pro-inflammatory”)
AND (“diet-related” OR “diet” OR “dietary”). The search
was restricted to studies written in English. The reference lists
of all relevant reviews and full-text papers were manually
checked to ensure the recall ratio of the retrieval.

Inclusion criteria

Studies were considered eligible according to the following
explicit criteria: (1) cohort, case-control, or cross-sectional
designs were adopted; (2) the exposure of interest was cate-
gorical DII (the highest versus the lowest category of DII) or
continuous DII, as computed at baseline; (3) the primary out-
come of interest was BMD or osteoporosis or fracture among
the population having not diagnosed with major chronic dis-
eases; (4) studies providing beta coefficient for BMD; (5)
those reporting risk estimates (risk ratio [RR], hazard ratio
[HR], or odds ratio [OR]) and corresponding 95% confidence
interval (CI) for the risk of osteoporosis and fractures, or suf-
ficient data was presented for the relevant calculation. If sev-
eral reports were from the same study, only the most compre-
hensive one was included. The eligibility of all potentially
relevant studies was determined by two independent investi-
gators. Any discrepancies were discussed and resolved with a
third investigator.

Assessment of study quality

The methodological quality of eligible studies was assessed
by two investigators independently with the Newcastle-
Ottawa Quality Assessment Scale (NOS). Briefly, this scale
is divided into three parameters of quality, namely, selection
(four points), comparability (one point), and outcome (three
points) with a scoring from 0 to 16 [27]. A higher score indi-
cates better quality. Any discrepancies were discussed and
resolved with a third investigator.

Data extraction

Data were extracted from each eligible study by a standard
data extraction form. The following information was record-
ed, including first author’s name, publication year, country,
study design, duration of follow-up, BMD or osteoporosis or
fracture site, DII measurement, distribution of DII, sample
size, age, gender, variables adjusted or matched, relevant
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effect sizes (ESs), and corresponding 95% Cls. If the studies
provide more than one multivariable ESs, the model with the
most comprehensive confounders adjusted for analysis was
only adopted. The food components adopted to calculate DII
in each study were also extracted (Supplementary Table 1). If
necessary, the corresponding authors will be contacted for
additional information.

Statistical analysis

The risk estimates and their 95% Cls of the highest versus the
lowest category were pooled to investigate the relationships
between the DII and the risk of osteoporosis and fractures. In
DII and BMD analysis, the beta coefficients with their 95%
CIs were converted to ORs for synthesis. For the original
studies not reporting the multivariable-adjusted risk estimates,
we calculated the unadjusted risk estimates with the original
data. Inconsistency index (12) and Cochran Q test were
adopted to assess the statistical heterogeneity among studies
[28]. >50% or P<0.05 was considered significantly het-
erogeneous. The fixed-effects model was employed to com-
bine study-specific results when no statistically significant
heterogeneity existed among studies; otherwise, a random-
effects model would be used for more conservative estimates
[29].

Given the significant heterogeneity between studies inves-
tigating fractures, we conducted subgroup analysis and meta-
regression, stratified by fracture site, gender, study design,
major confounders adjusted or not, and geographic location
to delve into the sources of heterogeneity.

Sensitivity analysis was conducted by excluding each
study to explore the potential impact of a single study on the
summary risk estimates. Publication bias was evaluated by
Egger’s linear regression test and Begg’s rank correlation test
with funnel plots [30, 31]. All statistical analyses were con-
ducted with STATA software, version 15.1 (Stata Corp,
College Station, TX). P<0.05 was considered the level of
statistical significance.

Results
Literature search and study characteristics

The process of literature screening is provided in the flow
chart (Fig. 1). A total of 2224 studies were identified by data-
base searching, while 5 additional records were taken from
reference lists of retrieved papers. After duplicates and obvi-
ously irrelevant articles were excluded, 16 full-text articles
were reviewed for detailed assessment. Next, 5 studies were
excluded for the following reasons: one of them provided
insufficient data, one was a review, and three focused on the
lactating women, adolescent children, and young adults,

respectively. Finally, 11 articles (4 cohort, 1 case-control,
and 6 cross-sectional) satisfied the inclusion criteria in this
meta-analysis [20-25, 32-36].

Baseline characteristics of covered studies are elucidated in
Table 1. All articles were published from 2015 to 2019. A
total of 127,769 participants with a mean age (SD) of 61.8
(8.30) were involved. The DII scores ranged from —9.13 to
7.11. Three studies reported BMD, three reported osteoporo-
sis, and five reported fractures. Several countries were in-
volved: two studies were from Australia, three from Korea,
three from America, one from Brazil, one from China, and one
from Iran. One study was conducted on males, four on fe-
males, and six on both males and females. All included studies
acquired information on food intake via food frequency ques-
tionnaires (FFQ) and calculated DII using Shivappa’s method.
According to the NOS scoring system, the quality scores of
included studies ranged from 10 to 15 with a median of 12
(Supplementary Table 2).

DIl and BMD

As is shown in Fig. 2, per one-unit increase in DII score
showed associations with a 1% reduction in lumbar spine
BMD (pooled OR: 0.990; 95% CI: 0.984, 0.995; F* = 44.5%,
P-heterogeneity =0.144) and 0.5% reduction in total hip
BMD (pooled OR: 0.995; 95% CI: 0.990, 0.999; P =0.0%,
P-heterogeneity = 0.392), respectively. However, no statisti-
cally significant association between DIl and BMD was found
in femoral neck (pooled OR: 0.998; 95% CI: 0.994, 1.002).
Meta-regression analysis indicated that there was no statisti-
cally significant heterogeneity across strata of gender (P-re-
gression > 0.05).

DIl and osteoporosis risk

Figure 3 presents the forest plot for osteoporosis risk. A con-
siderable positive association was identified between the
highest category of DII and osteoporosis risk (pooled ES:
1.31;95% CI: 1.16, 1.48), compared with the lowest category
of DII. No evidence of heterogeneity was observed among
studies (/* = 0.0%, P-heterogeneity = 0.525).

DIl and fracture risk

The forest plot of DII and fracture risk is presented in Fig. 4.
For the highest versus the lowest category of DII, the pooled
ES was 1.26 (95% CI: 1.03, 1.59) from five studies, with
significant heterogeneity (I =87.3%, P-heterogeneity <
0.001). Subsequently, subgroup analysis was performed to
seek possible sources of heterogeneity. Table 2 lists the results
among different subgroups stratified by potential modifying
factors. Statistically significant heterogeneity was observed
across strata of study design (P-regression =0.029). The
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results revealed that the association between DII and fracture
appeared to be more noticeable in cross-sectional studies
(pooled ES: 1.30; 95% CI: 1.15, 1.45) and case-control study
(ES: 2.44; 95% CI: 1.73, 3.45) than that in cohort studies
(pooled ES: 1.06; 95% CI: 0.8, 1.41).

Sensitivity analysis and publication bias

As is revealed from sensitivity analysis, none of studies evi-
dently affected the pooled results. For limited studies
reporting on BMD and osteoporosis, only publication bias
was tested for fracture. Begg’s tests indicated no statistical
evidence of publication bias (P> 0.05).

Discussion

To the best of our knowledge, this is the first meta-analysis
concerned with the relationships between DII and BMD, os-
teoporosis risk, and fracture risk. Current evidence was
exploited from 11 studies with 127,769 participants to obtain
the result that highly pro-inflammatory diets, as calculated by
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higher DII scores, are negatively associated with BMD of
lumbar spine and total hip, but not the femoral neck.
Moreover, the findings revealed that the highest DII score
was associated with a 31% increased risk of osteoporosis
and 28% increased risk of fracture compared with the lowest
DII, respectively.

The potential effect of pro-inflammatory diets on bone dis-
ease was interpreted by several biological mechanisms. Long-
term intake of pro-inflammatory ingredients could elevate the
level of inflammation in the body. It was suggested that the
high saturated fatty acid diet might facilitate the secretion of
interleukin-1 (IL-1) and IL-6 [10]. Red meat intake might
result in concentrations of plasma CRP and other pro-
inflammatory cytokines [6]. Moreover, existing studies dem-
onstrated that pro-inflammatory factors were related to bone
erosion and subsequent bone mass loss by suppressing osteo-
blast functions and stimulating osteoclast activity [37, 38].

With the in-depth exploration of the mechanism of bone
diseases, studies on inflammatory biomarkers and BMD at
different sites have been leaping forward. A population-
based cohort study including 365 older adults suggested ro-
bust associations of serum IL-8, IL-10, and TNF levels with
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Fig. 3 Forest plots for pooled
effect sizes (ESs) with the corre-
sponding 95% confidence inter-
vals (ClIs) of osteoporosis risk for
the highest versus the lowest cat-
egory of Dietary Inflammatory
Index (DII)
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change in lumbar spine BMD. However, no inflammatory
biomarkers were found to be associated with femoral neck
BMD [39]. Likewise, in another cross-sectional study among
patients with metabolic syndrome, log-transformed high-
sensitivity-CRP (hs-CRP) concentrations were significantly as-
sociated with lumbar spine BMD in postmenopausal females.
There was no evidence in favor of an association between hs-
CRP and femoral neck BMD [39]. The definitive reason for this
difference remains unclear. One possible explanation is that the
lumbar spine with bone trabeculae as the major part is highly
vascular and might be more susceptible to inflammation-induced
bone fragility. Moreover, the higher surface-to-volume ratio of
the lumbar spine than the femoral neck could contribute to in-
creased metabolic activity. These may partially explain our find-
ings that elevated DII was negatively associated with BMD of
lumbear spine, but not femoral neck.

Our findings were broadly compatible with existing similar
studies, in which food components that regulate inflammation
are associated with bone disease. Nutritional epidemiology
studies have demonstrated that high intake of carbohydrate
and fat might contribute to osteoporosis or fracture [40, 41].
These food items are generally considered to have pro-
inflammatory potential. In contrast, food components that are
conceivable to have anti-inflammatory features, such as favored
fruits, vegetables, and whole grains, have been proved as the
protective factors of bone loss [22]. The abovementioned stud-
ies stressed the effects of single nutrients or food ingredients on
bone health. Furthermore, predefined dietary patterns consider-
ing the interactions of several food items have been indicated to
be relevant [42]. For instance, a Mediterranean diet rich in
plant-based foods, olive oil, and fish was associated with re-
duced risk of fractures or low BMD [43], whereas a Western-
style diet characterized by high intake of processed and red
meat, refined grains, sugars, and fat may have more deleterious
effects on bone health [44]. As a different approach, DII focuses
on inflammatory potential of diet, providing an opportunity to
assess the individual’s dietary intakes of different pro- or anti-
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inflammatory components as a whole. Food items included in
the DII with their inflammatory potentials are showed in
Supplementary Table 3. Our findings further emphasized the
significance of a healthy dietary pattern containing anti-
inflammatory nutrients (e.g., some vitamins, minerals, and
polyunsaturated fatty acids) in bone health.

As is revealed from the results of meta-regression analysis,
association between DII and fracture risk was impacted by
study design. A significantly stronger association between
DII and fracture risk was revealed among cross-sectional or
case-control studies than prospective cohort studies. It has
been acknowledged that cross-sectional and case-control stud-
ies are particularly vulnerable to recall and selection biases.
This thereby leads to a weaker causal argument. Accordingly,
the potential effect of highly pro-inflammatory diets on frac-
ture risk may be overestimated. Of note, only 1 of the 5 studies
included in the analysis investigated osteoporotic fracture
[20], while the remaining 4 reported total fractures. We found
that higher DII scores were more significantly associated with
osteoporotic fractures than total fractures. Although osteopo-
rosis is the major risk factor for fractures in the elderly [45],
there are still some fractures caused by other factors (e.g.,
accidents), which may not be closely related to diets.
Therefore, no statistically significant association was found
in the cohort studies, probably because the included fracture
cases were not completely induced by osteoporosis. This in-
consistence should be interpreted cautiously, since only a few
studies were included in the meta-regression.

Some limitations of this meta-analysis should be consid-
ered. Firstly, the included studies generally proved an unfa-
vorable effect of pro-inflammatory diets on bone outcomes.
However, 8 out of 11 studies were conducted on postmeno-
pausal females or elderly groups, and thus, the findings of this
study may more applicable to those populations. Secondly,
though FFQ is a standard tool for obtaining dietary informa-
tion, it is difficult for participants to accurately recall food
intake over a long period of time. The dietary parameters of
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Fig. 4 Forest plots for pooled Study
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DII calculation in different studies ranged from 19 to 41, and
those nutrients regulating inflammation but not included in
analysis might affect the results as well. Thirdly, in the anal-
ysis of DII and fracture risk, our results showed statistically
significant heterogeneity, probably due to the variation in
study design. However, the use of random-effects model
was allowed to consider the heterogeneity among studies.
Lastly, we are unable to conduct dose-response meta-analysis
because of the insufficient data in included studies.

Despite the limitations, this study also has some strengths.
Above all, this is the first meta-analysis that comprehensively
assessed the relation between DII score and bone health.
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Besides, all included studies that calculated DII score com-
plied with Shivappa’s method, thereby enhancing the compa-
rability. Moreover, both subgroup analysis and meta-
regression were conducted to detect potential sources of het-
erogeneity; sensitivity analysis and tests for publication bias
testified the stability of the main outcomes.

Conclusions

In summary, the present meta-analysis indicates that high pro-
inflammatory diets, as measured by higher DII scores, are

Table 2 Pooled and subgroup analysis of DII and fracture stratified by potential modifying factors

Subgroups Number of studies Pooled RR (95% CI) P value Heterogeneity P value®
F (%) Pvalue®  Model

Total 5 1.28 (1.03, 1.59) 0.027 87.3 <0.001 Random -

Fracture site Any 3 1.06 (0.86, 1.31) 0.596 51.4 0.083 Random 0.763
Hip 3 1.48 (0.86, 2.54) 0.161 91.4 <0.001 Random
Others 2 1.14 (1.08, 1.21) 0.368 92.2 <0.001 Random

Gender® Male 3 1.76 (0.77, 4.05) 0.183 79.7 <0.001 Random 0.497
Female 4 1.23 (0.86, 1.75) 0.256 84.6 0.007 Random

Study design Cohort 2 1.06 (0.80, 1.41) 0.666 62.7 0.069 Random  0.029
Cross-sectional 2 1.30 (1.15, 1.45) <0.001 25.6 0.251 Fixed
Case-control 1 2.44 (1.73, 3.45) - - - -

Adjusted or not Yes 3 1.33(0.82,2.14) 0.247 91.1 <0.001 Random  0.829
No 2 1.27 (1.09, 1.48) <0.001 25.6 0.251 Fixed

Geographic location ~ America 3 1.19 (0.96,1.48) 0.107 84.4 <0.001 Random  0.359
Others 2 1.51(0.76, 3.03) 0.242 87.3 <0.001 Random

DII, Dietary Inflammatory Index; RR, relative risk; CI, confidence interval

# P value for heterogeneity within each subgroup

® P value for heterogeneity between subgroups with meta-regression analysis

¢ Studies which reported or could calculate the gender-specific estimates were selected
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significantly related to lower BMD of lumbar spine and total
hip, as well as elevated risk of osteoporosis and fractures.
Transitioning to diets with less pro-inflammatory or more
anti-inflammatory components should be suggested to prevent
adverse bone outcomes, especially in the older. Nevertheless,
more prospective studies involving populations of diverse
ages and genders are required to further verify the universality
of the results.
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