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Abstract 

Background: Fatty acids have diverse immunomodulatory functions and the potential to be associated with inflam-
matory responses in sarcoidosis.

Methods: The serum levels of multiple long-chain fatty acids (LCFAs) were compared between 63 patients with sar-
coidosis and 38 healthy controls. The associations of LCFAs with clinical outcomes of sarcoidosis were also evaluated.

Results: The patients with sarcoidosis had significantly lower levels of n-3 poly-unsaturated fatty acids (PUFAs) 
(p < 0.001) and n-6 PUFAs (p < 0.001) than the healthy controls. However, there were no significant differences in the 
levels of saturated fatty acids (SFAs) and mono-unsaturated fatty acids (MUFAs) between the two groups. On multi-
variate logistic analysis, lower levels of n-3 PUFAs, n-6 PUFAs, and n-3/n-6 ratio were predictive of sarcoidosis. Among 
the patients with sarcoidosis, those with multiple organ involvement had significantly lower levels of n-3 PUFAs and 
n-3/n-6 ratio than those with single organ involvement. There were no significant differences in the levels of n-6 
PUFAs, SFAs, and MUFAs between the patients with multiple and single organ involvement. On multivariate logistic 
analysis, lower levels of SFAs and n-3/n-6 ratio were predictive of multiple organ involvement. The levels of LCFAs had 
no significant association with radiographic stage or spontaneous remission.

Conclusions: Assessment of LCFA profiles may be useful for the diagnosis of sarcoidosis and evaluation of the dis-
ease activity.
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Introduction
Sarcoidosis is a systemic granulomatous disease that 
affects multiple organs and lymphatic systems through-
out the body [1]. It is widely considered to be a benign 
disease, and spontaneous remission occurs in about two-
thirds of patients. However, patients with progressive 
pulmonary disease, central nerve, or heart involvement 

have a poor prognosis [1, 2]. Although the precise mech-
anism remains unknown, sarcoidosis is thought to result 
from a systemic inflammatory disorder involving Th1 
immune responses [1,  3]. Recent evidence supports the 
notion that sarcoidosis involves complex interplay among 
diverse immune cells [3].

It has become increasingly clear that metabolites 
derived from nutrients like glucose, amino acids, and 
fatty acids play essential roles in the control of immu-
nity. Fatty acids not only serve as energy resources and 
cell membrane components, but also act for activation 
of immune cells, including effector T cells, natural killer 
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T cells, macrophages, and dendritic cells [4, 5, 6, 7, 8, 9]. 
Fatty acids are divided into several groups based on com-
mon molecular structures and specific immunomodu-
latory properties. For example, lipid mediators derived 
from n-6 polyunsaturated fatty acids (PUFAs), such as 
prostaglandin  D2  (PGD2),  PGE2, and leukotriene B4 
 (LTB4), have pro-inflammatory properties, while lipid 
mediators derived from n-3 PUFAs, such as maresins 
and resolvins, have anti-inflammatory properties [10, 11]. 
Furthermore, saturated fatty acids (SFAs) can induce 
polarization of naïve T cells toward Th1 and Th17 cells 
[12,  13], activate bone marrow-derived dendritic cells, 
and increase T cell activation capacity [14].

Because of their immunomodulatory roles, fatty acids 
have attracted attention as the pathogenesis and/or 
potential treatment targets in several inflammatory dis-
eases. For example, patients with chronic obstructive pul-
monary disease (COPD) had lower levels of n-3 PUFAs 
in their sputum than healthy controls [15]. In addition, 
higher levels of n-6 PUFAs were observed during acute 
exacerbation of COPD compared with stable COPD [15]. 
Furthermore, patients with idiopathic pulmonary fibrosis 
had higher levels of SFAs in their bronchoalveolar lavage 
fluid than healthy controls [16]. Meanwhile, epidemio-
logical data indicated a beneficial effect of n-3 PUFAs for 
prevention of ulcerative colitis, while consumption of a 
lower ratio of n-3 PUFAs to n-6 PUFAs was associated 
with an increased risk of ulcerative colitis [17].

Nevertheless, little is known about the fatty acid pro-
files in patients with sarcoidosis. Given the diverse 
immunomodulatory functions of fatty acids and their 
associations with several inflammatory diseases, we 
hypothesized that altered profiles of fatty acids are asso-
ciated with sarcoidosis and disease severity. In the pre-
sent study, we compared the serum levels of multiple 
fatty acids between patients with sarcoidosis and healthy 
controls. We also evaluated the associations of fatty acid 
levels with disease severity and clinical outcomes of 
sarcoidosis.

Methods
Participants
This retrospective observational study was conducted in 
accordance with the ethical standards of the Declaration 
of Helsinki. Consecutive patients with sarcoidosis diag-
nosed between May 1998 and December 2019 at Hama-
matsu University Hospital were included. The diagnosis 
of sarcoidosis was based on the consensus statement of 
the American Thoracic Society, the European Respira-
tory Society, and the World Association of Sarcoidosis 
and Other Granulomatous Disorders [1]. Eligible patients 
were required to have available fasting serum samples at 
diagnosis. The requirement for informed consent from 

the patients was waived because of the retrospective 
nature of the study. Healthy volunteers without sarcoido-
sis were evaluated as controls. The study was approved by 
the Institutional Review Board of Hamamatsu University 
School of Medicine (No. 20–228).

Data collection
Clinical data at diagnosis, including age, sex, body mass 
index (BMI), smoking status, affected organs, laboratory 
parameters, radiographic data, pulmonary function tests, 
bronchoalveolar lavage (BAL), pathological informa-
tion, and affected organs, were retrospectively evaluated 
using medical records. Radiographic stage was evaluated 
according to the consensus statement of the American 
Thoracic Society, the European Respiratory Society and 
the World Association of Sarcoidosis and Other Granu-
lomatous Diseases [1]. Treatments and clinical courses 
were also evaluated during the study period. For the 
healthy controls, age, sex, BMI, and smoking status were 
evaluated. Disease activity was defined as follows: 1) 
progressive disease, (a) decrease in forced vital capac-
ity (FVC) and forced expiratory volume in 1  s  (FEV1) 
of > 10% from baseline, (b) decrease in FVC or  FEV1 of 
> 10% from baseline with worsening of pulmonary symp-
toms, (c) worsening of radiologic findings in pulmonary 
or extrapulmonary lesions, or (d) development of new 
organ involvement; 2) improved disease, (a) increase in 
FVC and  FEV1 of > 10% from baseline without worsen-
ing of pulmonary symptoms, (b) increase in FVC or  FEV1 
of > 10% from baseline with improvement of pulmonary 
symptoms, or (c) improvement of radiographic findings 
in pulmonary or extrapulmonary lesions: and 3) stable 
disease, none of the above. [18, 19, 20].

LCFA measurements
Multiple LCFAs were evaluated using serum samples at 
the time of diagnosis. The LCFAs were evaluated with 
a gas chromatography system (GC-2010; Shimadzu, 
Kyoto, Japan), using a TC-70 column (GL Science, Tokyo, 
Japan; length: 30  m; caliber: 0.25  mm; film thickness: 
0.25  μm), a carrier gas of helium, and a temperature 
elevation program from 80.0  °C to 200.0℃. Twenty-four 
LCFAs were evaluated as follows: (1) n-3 PUFAs = lino-
lenic acid, eicosapentaenoic acid, docosapentaenoic 
acid, docosahexaenoic acid; (2) n-6 PUFAs = linoleic 
acid, γ-linolenic acid, eicosadienoic acid, dihomo-γ-
linolenic acid, arachidonic acid, docosatetraenoic acid; 
(3) SFAs = lauric acid, myristic acid, palmitic acid, stearic 
acid, arachidic acid, behenic acid, lignoceric acid; and 
(4) monounsaturated fatty acids (MUFAs) = myristoleic 
acid, palmitoleic acid, oleic acid, eicosenoic acid, eicosa-
trienoic acid, erucic acid, nervonic acid. Erucic acid was 
excluded from the analysis because its levels were below 
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the measurement sensitivity in most patients. The levels 
of the LCFAs were evaluated separately and together in 
each category. The ratio of n-3 and n-6 PUFAs (n-3/n-6 
ratio) was also calculated to evaluate the balance of these 
PUFAs. All LCFAs were measured at a laboratory (SRL 
Inc., Tokyo, Japan) certified by the College of American 
Pathologists and International Organization for Stand-
ardization 15,189.

Statistical analyses
The Mann–Whitney U-test and Fisher’s exact test were 
used for comparisons of continuous and categorical vari-
ables, respectively. Correlations between LCFA levels and 
clinical data were assessed using Spearman’s rank corre-
lation coefficient. Receiver operating characteristic curve 
analyses were conducted to determine cutoff values for 
LCFA levels using the Youden Index (maximum value of 
[sensitivity + specificity − 1]) (Additional file1: Tables S1 
and S2). Logistic regression analyses were carried out to 
evaluate predictive factors for the diagnosis of sarcoido-
sis and multiple organ involvement. Age, sex, and vari-
ables with P < 0.100 in univariate analyses were employed 
for multivariate analyses. When variables had strong 
correlations with one another (Spearman’s correlation 
coefficient > 0.7), only one was selected for multivariate 
analysis to avoid multicollinearity. Candidate combina-
tions for multivariate analysis were created using LCFAs 
without strong correlations with one another. Akaike 

information criteria were used to obtain estimated pre-
diction errors for the multivariate analyses. Statistical 
analyses were performed using EZR software (version 
1.41; Saitama Medical Center, Jichi Medical University, 
Saitama, Japan). Values of P < 0.05 were considered statis-
tically significant.

Results
Patient characteristics
A total of 150 patients with sarcoidosis were screened, of 
whom 87 were excluded because they lacked assessable 
serum samples at diagnosis (n = 83) or had insufficient 
available data (n = 4). As a result, 63 patients with sar-
coidosis were included in the study (Fig. 1). The patient 
characteristics are shown in Table 1. The median age was 
58 years (interquartile range [IQR], 45–68 years) and 38 
(60.3%) patients were female. Fifty-four (85.7%) patients 
had a histological diagnosis of sarcoidosis. The most fre-
quently affected organs were the lungs (98.4%), followed 
by the eyes (52.4%), skin (15.9%), and heart (6.3%). Forty-
five (71.4%) patients had two or more affected organs. 
On chest X-rays, 21 (33.3%), 40 (63.5%), and 36 (57.1%) 
patients had bilateral hilar lymphadenopathy (BHL), 
lung parenchymal involvement, or both, respectively. 
Among 61 patients who underwent pulmonary function 
tests, 55 (90.2%) had normal pulmonary function (forced 
vital capacity, % predicted [%FVC] ≥ 80.0). The median 
observation time was 5.5 years (IQR, 4.0–10.3 years). 

Fig. 1 Flow chart diagram for the study
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The 38 healthy controls had a median age of 34 years 
(IQR, 27–43 years), a median BMI of 22.2  kg/m2 (IQR, 
19.6–23.7 kg/m2), a female proportion of 39.5%, and no 
smoking history (Additional file 1:  Table S3). The healthy 
controls were significantly younger and had a lower pro-
portion of smoking history than the patients with sar-
coidosis (both p < 0.001).

Clinical outcomes of patients with sarcoidosis
Eight (12.7%) patients received treatment for sar-
coidosis from the time of diagnosis, comprising 7 
with corticosteroid alone and 1 with a combination 
of corticosteroid plus azathioprine. After the treat-
ment, 2 had remission, 2 had stable disease, and 4 had 

disease progression (Fig. 1). The remaining 55 patients 
were initially followed without treatment, of whom 20 
(36.4%) had spontaneous remission, 25 (45.5%) had 
stable disease, 6 (10.9%) had disease progression, and 
4 (7.3%) were lost to follow-up during the observation 
period (Fig. 1). Among 6 patients with disease progres-
sion after the initial follow-up, 2 (33.3%), 3 (50.0%), and 
1 (16.7%) had worsening of lung involvement, develop-
ment of non-pulmonary lesions, and both, respectively, 
with 5 receiving corticosteroid alone and 1 receiving no 
treatment. Among the 5 patients who received corticos-
teroid, 4 had remission, but 1 had disease progression. 
One patient who did not receive treatment after disease 
progression did not deteriorate further or require any 
treatment.

Table 1 Patient characteristics

Data are presented as median (interquartile range) or number (%)

ACE, angiotensin-converting enzyme; CS, corticosteroids; FVC, forced vital capacity;  FEV1, forced expiratory volume in 1 s

Radiographic stages 0, I, II, III, and IV represent normal appearance, bilateral hilar lymphadenopathy (BHL) alone, BHL and lung parenchymal involvement, lung 
parenchymal involvement without BHL, and pulmonary fibrosis, respectively
a Lungs include pulmonary hilar and mediastinal lymphadenopathy
b Others include muscle, liver, thyroid gland, spleen, nerve, and extramediastinal lymphadenopathy

*Comparison between patients with single and multiple organ involvement

All patients n = 63 Single organ 
involvement, n = 18

Multiple organ 
involvement n = 45

P value*

Age, years 58 (45–68) 59 (44–75) 57 (45–65) 0.330

Sex, female 38 (60.3) 9 (50.0) 29 (64.4) 0.394

Body mass index, kg/m2 21.4 (20.1–23.8) 21.9 (20.4–23.1) 21.4 (19.9–23.8) 0.897

Smoking, ever-smoker 31 (49.2) 9 (50.0) 22 (48.9) 1.000

Number of affected organs, 1/2/3/4/5 18/30/13/1/1 18/0/0/0/0 0/30/13/1/1 < 0.001

Affected organs

  Lungsa 62 (98.4) 17 (94.4) 45 (100.0) 0.286

 Eyes 33 (52.4) 1 (5.6) 32 (71.1) < 0.001

 Skin 10 (15.9) 0 10 (22.2) 0.051

 Heart 4 (6.3) 0 4 (8.9) 0.317

  Othersb 13 (20.6) 0 13 (28.9) 0.013

Histological diagnosis 54 (85.7) 16 (88.9) 38 (84.4) 1.000

Serum ACE, IU/L 19.3 (14.5–25.3) 16.6 (14.2–21.5) 21.4 (15.1–25.4) 0.122

Radiographic stage, 0/I/II/III/IV 1/21/36/4/1 1/6/9/1/1 0/15/27/3/0 0.802

Pulmonary function tests (n = 61)

 FVC, L 2.76 (2.34–3.40) 3.00 (2.43–3.49) 2.75 (2.33–3.30) 0.389

 FVC, % predicted 94.9 (88.1-100.7) 96.4 (90.8-104.9) 94.1 (87.5-100.3) 0.187

  FEV1, L 2.10 (1.82–2.79) 2.55 (1.92–3.36) 2.10 (1.81–2.66) 0.385

  FEV1, % predicted 90.3 (77.4-100.2) 89.5 (78.2–98.8) 91.1 (76.1-100.5) 0.915

  FEV1/FVC, % 77.9 (74.3–83.8) 78.2 (74.8–82.8) 77.9 (72.9–85.1) 0.812

Bronchoalveolar lavage (n = 62)

 Total cells, ×105/ml 0.96 (0.61–1.48) 1.00 (0.51–1.51) 0.93 (0.68–1.47) 0.561

 Lymphocytes, % 11.9 (8.2–22.9) 19.0 (5.9–26.5) 11.5 (8.3–19.9) 0.852

 CD4/CD8 ratio 5.02 (3.30–7.75) 4.58 (3.30–6.49) 5.16(3.34–7.91) 0.841

 Treatment, none/CS/CS + azathioprine 50/12/1 17/1/0 33/11/1 0.190
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Associations of LCFA levels with demographic 
characteristics
Among the 63 patients with sarcoidosis, there were 
weak or moderate correlations between age and n-3 
PUFAs (r = 0.35) or n-3/n-6 ratio (r = 0.49), and between 
BMI and MUFAs (r = 0.25) (Additional file  1: Fig. S1). 
The LCFA levels were not correlated with sex (Addi-
tional file  1:  Table  S4). Among the LCFAs, there were 
strong correlations between n-3 PUFAs and n-6 PUFAs 
(r = 0.80), and between SFAs and MUFAs (r = 0.92). The 
correlations among single LCFAs are presented in Addi-
tional file 1: Fig. S2.

Comparisons of serum LCFA levels between patients 
with sarcoidosis and healthy controls
The patients with sarcoidosis had significantly lower lev-
els of n-3 PUFAs (p < 0.001) and n-6 PUFAs (p < 0.001) 
than the healthy controls (Fig. 2 A, B). When the LCFAs 
were evaluated separately, the levels of all n-3 PUFAs 
(linolenic acid, eicosapentaenoic acid, docosapentaenoic 
acid, docosahexaenoic acid) were significantly lower in 
the patients with sarcoidosis (p < 0.001 for all) (Addi-
tional file 1:  Fig. S3). Likewise, the levels of all n-6 PUFAs 
other than eicosadienoic acid (linoleic acid, γ-linolenic 
acid, dihomo-γ-linolenic acid, arachidonic acid, docosa-
tetraenoic acid) were significantly lower in the patients 
with sarcoidosis (p < 0.001, p = 0.016, p = 0.007, p < 0.001, 

and p < 0.001, respectively) (Additional file  1:  Fig. S3). 
However, there were no significant differences in the lev-
els of n-3/n-6 ratio, SFAs, and MUFAs between the two 
groups (Fig.  2 C–E). Furthermore, the levels of myristic 
acid (p = 0.004), myristoleic acid (p < 0.001), and pal-
mitoleic acid (p < 0.001) were significantly higher in the 
patients with sarcoidosis, while the levels of other SFAs 
and MUFAs did not differ between the two groups (Addi-
tional file 1:  Fig. S3).

On univariate logistic analysis, higher levels of MUFAs 
and lower levels of n-3 PUFAs, n-6 PUFAs, and n-3/n-6 
ratio were predictive of sarcoidosis, as were age and sex 
(Table 2). On multivariate logistic analysis, lower levels of 
n-3 PUFAs, n-6 PUFAs, and n-3/n-6 ratio were predic-
tive of sarcoidosis, as was age (Table 2). When the LCFAs 
were evaluated separately, higher levels of myristic acid, 
myristoleic acid, palmitoleic acid, and eicosenoic acid, 
and lower levels of arachidic acid, behenic acid, linolenic 
acid, eicosapentaenoic acid, docosapentaenoic acid, doc-
osahexaenoic acid, linoleic acid, γ-linolenic acid, dihomo-
γ-linolenic acid, arachidonic acid, and docosatetraenoic 
acid were predictive of sarcoidosis on univariate logistic 
analysis (Additional file  1:  Table  S5). After adjustment 
by age and sex, higher levels of myristoleic acid and pal-
mitoleic acid, and lower levels of stearic acid, arachidic 
acid, behenic acid, lignoceric acid, linolenic acid, eicosap-
entaenoic acid, docosapentaenoic acid, docosahexaenoic 

Fig. 2 Levels of long-chain fatty acids in the patients with sarcoidosis and healthy controls. A–E Levels of n-3 poly-unsaturated fatty acids (PUFAs) 
(A), n-6 PUFAs (B), n-3/n-6 ratio (C), saturated fatty acids (SFAs) (D), and mono-unsaturated fatty acids (MUFAs) (E). The levels of serum fatty acids 
were measured by gas chromatography. The Mann–Whitney U-test was used to compare the levels of fatty acids. Gray, light gray, dark gray, and 
white data indicate all patients with sarcoidosis, patients with sarcoidosis and single organ involvement, patients with sarcoidosis and multiple 
organ involvement, and healthy controls, respectively. Horizontal lines, boxes, and error bars, represent the median, the 25th and 75th percentiles, 
and the 10th and 90th percentiles, respectively
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acid, linoleic acid, γ-linolenic acid, dihomo-γ-linolenic 
acid, arachidonic acid, and docosatetraenoic acid were 
independently predictive of sarcoidosis (Additional file 1:  
Table S5).

Associations of serum LCFA levels with multiple 
organ involvement in patients with sarcoidosis
Among the patients with sarcoidosis, those with mul-
tiple organ involvement had significantly lower levels 
of n-3 PUFAs and n-3/n-6 ratio than those with single 
organ involvement (Fig. 2 A, C). When the LCFAs were 
evaluated separately, the levels of all n-3 PUFAs except 
linolenic acid (eicosapentaenoic acid, docosapentaenoic 
acid, docosahexaenoic acid) were significantly lower in 
the patients with multiple organ involvement (p = 0.032, 
p = 0.021, and p = 0.033, respectively) (Additional file  1:  
Fig. S3). Meanwhile, there were no significant differences 
in the levels of n-6 PUFAs, SFAs, and MUFAs between 
the patients with multiple and single organ involvement 
(Fig. 2B, D, E).

On univariate logistic analysis, lower levels of SFAs, n-3 
PUFAs, n-6 PUFAs, and n-3/n-6 ratio were predictive of 
multiple organ involvement (Table  3). On multivariate 
logistic analysis, lower levels of SFAs and n-3/n-6 ratio 
were predictive of multiple organ involvement (Table 3). 
When the LCFAs were evaluated separately, lower lev-
els of palmitic acid, stearic acid, palmitoleic acid, eico-
satrienoic acid, eicosapentaenoic acid, docosapentaenoic 
acid, docosahexaenoic acid, linoleic acid, γ-linolenic acid, 
and dihomo-γ-linolenic acid were predictive of multiple 
organ involvement on univariate logistic analysis, (Addi-
tional file  1:  Table  s6). After adjustment by age, sex, 
and serum angiotensin converting enzyme level, lower 

levels of palmitoleic acid, eicosatrienoic acid, eicosapen-
taenoic acid, docosapentaenoic acid, docosahexaenoic 
acid, γ-linolenic acid, and dihomo-γ-linolenic acid were 
independently predictive of multiple organ involvement 
(Additional file 1:  Table S6).

Associations of serum LCFA levels with other 
outcomes in patients with sarcoidosis
There were no significant associations between lung 
parenchymal involvement (radiographic stage ≥ 2) and 
n-3 PUFAs, n-6 PUFAs, n-3/n-6 ratio, SFAs, or MUFAs 
(Additional file 1: Fig. S4). Among 51 patients who were 
followed up without treatment, there were no significant 
associations between disease progression and n-3 PUFAs, 
n-6 PUFAs, n-3/n-6 ratio, SFAs, or MUFAs (Additional 
file 1:  Fig. S5).

Discussion
In the present study, we found that patients with sar-
coidosis had lower levels of n-3 PUFAs, n-6 PUFAs, 
and n-3/n-6 ratio than healthy controls. Furthermore, 
among the patients with sarcoidosis, lower levels of SFAs 
and n-3/n-6 ratio were associated with multiple organ 
involvement. Our data indicated that distinctive LCFA 
profiles were associated with sarcoidosis.

It is well-known that n-3 PUFAs have anti-inflamma-
tory effects via several immune cells. For example, n-3 
PUFAs prevented differentiation and activation of  CD4+ 
T cells, a key component of sarcoidosis [10]. Incorpora-
tion of n-3 PUFAs induced changes in membrane domain 
organization, which could account for the alterations in 
 CD4+ T cell function [21,  22]. In addition, n-3 PUFAs 
were reported to blunt M1 macrophage polarization and 

Table 2 Logistic regression analyses for the diagnosis of sarcoidosis

The cutoff value for each long-chain fatty acid was determined by the Youden Index in receiver operating characteristic curve analysis (Supplementary Table 1). The 
Akaike Information criteria for Sets A, B, and C were 58.6, 76.1, and 96.4, respectively. OR, odds ratio; CI, confidence interval; BMI, body mass index; SFAs, saturated fatty 
acids; PUFAs, polyunsaturated fatty acids; MUFAs, monounsaturated fatty acids
a Per 1-year increase
b Per 1-kg/m2 increase

Univariate analysis Multivariate analysis

Set A Set B Set C

Variables OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P

Agea 1.11 (1.06–1.16) < 0.001 1.20 (1.10–1.31) < 0.001 1.11 (1.05–1.18) < 0.001 1.11 (1.06–1.16) < 0.001

Sex, male 0.43 (0.19–0.98) 0.044 2.66 (0.44–16.30) 0.289 1.64 (0.38–7.01) 0.505 0.81 (0.26–2.59) 0.727

BMIb 0.97 (0.83–1.13) 0.671

n-3 PUFAs, high 0.05 (0.01–0.18) < 0.001 0.01 (0.00-0.05) < 0.001

n-6 PUFAs, high 0.06 (0.02–0.19) < 0.001 0.03 (0.01–0.14) < 0.001

n-3/n-6 ratio, high 0.34 (0.13–0.90) 0.030 0.25 (0.07–0.83) 0.023

SFAs, high 2.18 (0.85–5.61) 0.105

MUFAs, high 3.26 (1.14–9.34) 0.028 1.13 (0.15–8.71) 0.906 4.27 (0.87-21.00) 0.074 1.59 (0.38–6.58) 0.526
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promote M2 polarization by decreasing the secretion 
of Th1 cytokines [10]. Meanwhile, n-3 PUFAs attenuate 
the differentiation and activation of Th17 cells, which are 
recognized to play important roles in the pathogenesis of 
sarcoidosis. Several studies demonstrated that addition of 
n-3 PUFAs resulted in a decrease in Th17 differentiation 
from  CD4+ T cells [23, 24]. Possible mechanisms include 
failure of  CD4+ T cells to activate Stat-3 in response to 
pro-TH17 signals under high levels of n-3 PUFAs [25, 26]. 
Meanwhile, supplementation of n-3 PUFAs promoted 
the accumulation and proliferation of regulatory T cells 
(Tregs) in mouse models [27,  28,  29]. Furthermore, n-3 
PUFAs were shown to increase M2 macrophages, thereby 
inducing Treg differentiation [27,  30]. Given the anti-
inflammatory roles of n-3 PUFAs, it is possible that the 
decreased levels of n-3 PUFAs promote immune cell acti-
vation, thus facilitating the development of sarcoidosis.

Meanwhile, the association of sarcoidosis with n-6 
PUFAs is not easy to explain. This is because that n-6 
PUFAs can play pro-inflammatory or anti-inflammatory 
roles, depending on the types of lipid mediators, recep-
tors, and target immune cells [11]. For example,  PGE2, a 
representative lipid mediator derived from n-6 PUFAs, 
promoted inflammation via EP2 receptors on neutrophils 

and tumor-associated fibroblasts [31]. However,  PGE2 
signaling via EP4 receptors had anti-inflammatory roles 
by regulating Th1 cytokine production in a colitis model 
[32]. Similarly, leukotriene B4  (LTB4), another impor-
tant lipid mediator derived from n-6 PUFAs, promoted 
the production of inflammatory cytokines by stimulat-
ing BTL1 receptors on dendritic cells, but suppressed 
the production of inflammatory cytokines by stimulating 
BLT2 receptors on cryptic cells in colitis models [33, 34]. 
Although the precise roles of n-6 PUFAs for sarcoido-
sis are unknown, it is possible that the decreased levels 
of n-6 PUFAs indicate attenuated anti-inflammatory 
properties.

When considering immunomodulatory roles of LCFAs, 
the balance between n-3 and n-6 PUFAs is also impor-
tant. The anti-inflammatory properties of n-3 PUFAs are 
accomplished by competing against n-6 PUFAs. Lipid 
mediators derived from n-3 and n-6 PUFAs are orches-
trated by cyclooxygenase, lipoxygenase, or cytochrome 
p450 enzymes [35]. In the presence of n-3 PUFAs, the 
competition for the enzymes reduces the synthesis of 
n-6 PUFAs. Therefore, the balance between n-3 and n-6 
PUFAs, expressed as the n-3/n-6 ratio, is considered to 
be an index of inflammation. The lower level of n-3/n-6 

Table 3 Logistic regression analyses for multiple organ involvement in sarcoidosis

The cutoff value for each long-chain fatty acid was determined by the Youden Index in receiver operating characteristic curve analysis (Supplementary Table 2). The 
Akaike Information criteria for Sets 1, 2, and 3 were 74.1, 75.4, and 69.1, respectively. OR, odds ratio; CI, confidence interval; BMI, body mass index; ACE, angiotensin-
converting enzyme; FVC, forced vital capacity;  FEV1, forced expiratory volume in 1 s; SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids; MUFAs, 
monounsaturated fatty acids
a Per 1-year increase
b Per 1-kg/m2 increase
c Per 1% increase

Univariate analysis Multivariate analysis

Set 1 Set 2 Set 3

Variables OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Agea 0.98 (0.95–1.02) 0.339 0.99 (0.94–1.04) 0.716 0.98 (0.93–1.02) 0.300 1.01 (0.95–1.06) 0.815

Sex, male 0.55 (0.18–1.67) 0.293 0.64 (0.15–2.67) 0.537 0.53 (0.13–2.19) 0.383 0.72 (0.16–3.25) 0.664

BMIb 1.01 (0.82–1.25) 0.930

Serum ACE, ≥ 21.4 IU/L 1.08 (0.99–1.18) 0.096 2.41 (0.64–9.14)) 0.196 2.40 (0.64–9.03) 0.195 2.53 (0.62–10.30) 0.195

Radiographic stage, ≥ II 1.27 (0.41–3.95) 0.676

Pulmonary function test

FVC %  predictedc 0.97 (0.93–1.02) 0.240

FEV1/FVCc 1.00 (0.98–1.01) 0.692

Bronchoalveolar lavage

  Lymphocytesc 1.01 (0.97–1.04) 0.767

 CD4/CD8 ratio, ≥ 3.5 0.99 (0.29–3.39) 0.992

n-3 PUFAs, high 0.23 (0.07–0.74) 0.013 0.33 (0.09–1.24) 0.101

n-6 PUFAs, high 0.30 (0.09–1.05) 0.059 0.43 (0.11–1.67) 0.225

n-3/n-6 ratio, high 0.16 (0.05–0.53) 0.003 0.14 (0.03–0.61) 0.009

SFAs, high 0.16 (0.03–0.76) 0.022 0.25 (0.05–1.35) 0.107 0.25 (0.05–1.34) 0.105 0.16 (0.03–0.96) 0.045

MUFAs, high 1.00 (0.18–5.69) 1.000
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ratio in the patients with sarcoidosis and the multiple 
organ involvement in the present study may indicate an 
increased pro-inflammatory status in these patients.

The potential mechanisms for the effects of SFAs on 
immune systems were reported to include protection 
from pathogenic microorganisms possibly by activating 
the Toll-like receptor 4 signaling pathway [36]. There-
fore, lower levels of SFAs were associated with poor 
outcomes in infectious diseases, while supplementation 
of SFAs improved these outcomes [37, 38, 39, 40]. How-
ever, the underlying mechanisms for the association of 
decreased levels of SFAs with multiple organ involvement 
in patients with sarcoidosis remain unknown.

There are three major limitations to the present study. 
First, there was a potential selection bias because we 
included patients with sarcoidosis who had available fast-
ing serum samples at diagnosis. The blood samples were 
collected when the patients were admitted to our hospi-
tal for diagnosis and evaluation of sarcoidosis. Therefore, 
asymptomatic and/or mild cases who did not require 
admission could have been missed in the study. Second, it 
is unknown whether the differences in LCFA levels were 
associated with the development and/or disease activ-
ity of sarcoidosis, or merely resulted from deterioration 
of the nutritional status due to sarcoidosis. Further pro-
spective studies that evaluate the time-course changes 
in LCFAs during disease progression or improvement 
are warranted to clarify the associations between LCFAs 
and disease activity in sarcoidosis. Third, the differences 
in biological activities among the individual LCFAs are 
unknown. Usually, single LCFAs in the same structural 
group are considered to have similar biological activi-
ties; however, the precise differences among those LCFAs 
have not been fully investigated (for example, among 
linolenic acid, eicosapentaenoic acid, docosapentaenoic 
acid, and docosahexaenoic acid in the n-3 PUFAs). In 
fact, LCFAs in the same structural group were strongly 
associated with one another, and therefore had simi-
lar associations with sarcoidosis and/or multiple organ 
involvement. However, at the same time, some LCFAs 
were weakly associated with other LCFAs in the same 
structural group, and demonstrated different associations 
with sarcoidosis and/or multiple organ involvement. Fur-
ther studies are needed to elucidate the mechanisms and 
clinical significance of LCFAs for sarcoidosis.

Conclusions
Lower levels of n-3 PUFAs, n-6 PUFAs, and n-3/n-6 
ratio were associated with sarcoidosis, and lower levels 
of SFAs and n-3/n-6 ratio were associated with multiple 
organ involvement. Assessment of LCFA profiles may be 
useful for the diagnosis of sarcoidosis and evaluation of 
the disease activity.
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