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Abstract 

Background Blood metabolites are important to various aspects of our health. However, currently, there is little 
evidence about the role of circulating metabolites in the process of skin aging.

Objectives To examine the potential effects of circulating metabolites on the process of skin aging.

Method In the primary analyses, we applied several MR methods to study the associations between 249 metabolites 
and facial skin aging risk. In the secondary analyses, we replicated the analyses with another array of datasets includ-
ing 123 metabolites. MR Bayesian model averaging (MR-BMA) method was further used to prioritize the metabolites 
for the identification of predominant metabolites that are associated with skin aging.

Results In the primary analyses, only the unsaturation degree of fatty acids was found significantly associated with 
skin aging with the IVW method after multiple testing (odds ratio = 1.084, 95% confidence interval = 1.049–1.120, 
p = 1.737 ×  10−06). Additionally, 11 out of 17 unsaturation-related biomarkers showed a significant or suggestively 
significant causal effect [p < 0.05 and > 2 ×  10−4 (0.05/249 metabolites)]. In the secondary analyses, seven metabolic 
biomarkers were found significantly associated with skin aging [p < 4 ×  10−4 (0.05/123)], while six of them were related 
to the unsaturation degree. MR-BMA method validated that the unsaturation degree of fatty acids plays a dominant 
role in facial skin aging.

Conclusions Our study used systemic MR analyses and provided a comprehensive atlas for the associations between 
circulating metabolites and the risk of facial skin aging. Genetically proxied unsaturation degree of fatty acids was 
highlighted as a dominant factor correlated with the risk of facial skin aging.
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Introduction
The skin is the largest organ, covering the entire surface of 
the human body [1]. Exploring the mechanisms involved 
in skin aging, especially facial aging, has been an area of 
interest, not only for esthetic purposes but also because 
they may provide mechanistic insights into diseases with 
similar mechanisms [2, 3]. The process of skin aging is 
affected by circulating metabolites which are involved in 
a variety of cellular processes including cellular organiza-
tion, post-translational modification as well as epigenetic 
changes [4, 5]. Some metabolic biomarkers, such as the 
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levels of unsaturated lipids and polyunsaturated fatty 
acids (PUFAs), have been reported to play an important 
role in skin aging [6–10]. However, there are conflict-
ing opinions from different studies [11]. For example, a 
recent study based on mouse models found that PUFA 
supplementation can protect mice from photoaging [9]. 
However, another study reported that PUFA supple-
mentation may induce inflammation and extracellular 
matrix degradation [10]. There are several reasons that 
may lead to the contradictory results. Firstly, some stud-
ies have been performed on cultured cells or on mouse 
models, where the conditions may differ from the real-
life skin aging process [9, 10]. Furthermore, randomized 
controlled trials are not an option due to ethical consid-
erations and feasibility. Therefore, most of the studies are 
based on observational designs, in which the influence of 
confounding factors or reverse causality cannot be com-
pletely ruled out [12]. Finally, circulating metabolites can 
be divided into multiple subclasses, while different sub-
classes of metabolites may have distinct effects. Although 
various types of dietary intake have been studied in dif-
ferent aspects of tissue aging, the overall effect of the 
complex dietary components is difficult to imply the net 
effect of individual supplements [13]. Therefore, novel 
methodologies, which are unbiased by confounders, are 
needed for further exploration. Due to the increasing 
popularity of long-term oral supplementation of micro-
nutrients in modern society, it appears as an urgent need 
for systematic epidemiological evaluation demonstrating 
the overall impact of metabolites on skin aging.

Mendelian randomization (MR) is an epidemiological 
method that employs genetic variants as instrumental 
variables to proxy an exposure variable of interest and 
study the effect of the exposure on a certain outcome 
[14]. Since single-nucleotide polymorphisms (SNPs) 
are assigned randomly at conception, they are unlikely 
to be affected by confounding factors [15]. The bias to 
reverse causality is also diminished as genetic variants 
cannot be affected by the development of the outcome 
traits [15]. Furthermore, the genetic instrumental vari-
ables reflect lifetime exposure, making MR an ideal tool 
to study aging-related topics. Nowadays, with the advent 
of high-throughput metabolomics, the levels of hundreds 
of circulating metabolites can be measured simultane-
ously. Several genome-wide association studies (GWASs) 
investigating associations between circulating metabolic 
biomarkers and SNPs were recently published [16–18]. 
In this study, by integrating the largest human genomic 
datasets to date, we employed several MR methods to 1) 
estimate the causal effects of circulating metabolites on 
the risk of skin aging and 2) prioritize the metabolites 
that promote skin aging after adjusting for the effects of 
similar ones.

Materials and methods
Study design
In this study, we have used instrumental variables 
obtained from two different metabolomics quantitative 
trait loci studies on circulating metabolites for primary 
and secondary analyses, respectively, to study the roles of 
plasma metabolites on skin aging. For the primary analy-
ses, the summary-level GWAS datasets of 249 circulating 
metabolites that were divided into nine major categories 
were obtained from UK Biobank (unpublished, accessible 
via MRC IEU OpenGWAS database). Skin aging-related 
GWAS datasets were obtained from a recent publication 
by Roberts V. et al. [3]. For the secondary analyses, sum-
mary-level statistics on 123 circulating metabolites were 
obtained from Kettunen et  al. [18] and two-sample MR 
analyses were performed to further validate our findings. 
Considering that the metabolites in the same subcategory 
were highly correlated, we performed an MR Bayes-
ian model averaging (MR-BMA) analysis to prioritize 
the effect of major metabolites [19]. Only individuals of 
European ancestry were included in the analyses. Writ-
ten informed consent and approval from the local ethical 
committee were obtained by all included studies.

Data sources
Metabolic profile for primary analyses
Summary-level datasets on 249 circulating metabolites 
used in primary analysis were obtained from Nightingale 
Health Metabolic Biomarkers Phase 1 release study in 
UK Biobank (June 2019–April 2020) (Table 1). This study 
included 115,078 randomly selected participants. Meta-
bolic biomarkers were measured with non-fasting base-
line EDTA plasma samples by high-throughput nuclear 
magnetic resonance (NMR) (https:// bioba nk. ndph. ox. ac. 
uk/ ukb/ label. cgi? id= 220). The biomarkers include 168 
absolute metabolites (unit, mmol/L) and 81 metabolite 
ratios spanning multiple metabolic pathways such as 
lipoproteins, fatty acids, amino acids, and ketone bodies. 
The details of sample collection and NMR profiling have 
been depicted in previous publications [20–22].

BOLT-LMM (linear mixed model) was used to account 
for population structure, with further adjustment for age, 
sex, fasting status, and genotyping chips. Over 12.3 mil-
lion SNPs were included for further analyses after adjust-
ing for covariates and quality control.

Metabolic profile for secondary analyses
Summary-level datasets on 123 circulating metabo-
lites used in the secondary analysis were obtained from 
a previous publication by Kuttunen et al. [18] (Table 1). 
Metabolite concentrations were quantified with high-
throughput NMR spectroscopy from 10 studies includ-
ing 24,925 individuals of European ancestry. Datasets 

https://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=220
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from different cohorts were analyzed separately with an 
additive model and then pooled together by a fixed-effect 
meta-analysis, with up to 12,133,295 SNPs included. 
All metabolite concentrations were adjusted for age, 
sex, time from the last meal, and ten first principal 
components.

IV selection
SNPs associated with metabolite biomarkers were 
selected with a conventional genome-wide association 
significance threshold (p < 5 ×  10−8). Linkage disequi-
librium (LD) clumping was used to identify and exclude 
SNPs that were in LD (R2 > 0.001 or within ± 10,000 kilo-
base (kb) distance 1000 Genomes European-ancestry 
Reference Panel). Mean F-statistics were calculated to 
test for weak instruments as previously described [23].

Facial skin aging
Summary statistics of skin aging were obtained from 
a previous GWAS based on UK Biobank [3] (Table  1). 
Eligible participants identified from health records in 
National Health Service were invited to participate in 
baseline assessments including questionnaires, physical 
measurement, biological samples collection, and follow-
ups. The participants were asked the following questions 
in the questionnaires: “Do people say that you look…?” 
The possible answers were “Younger than you are,” “Older 
than you are,” “About your age,” “Do not know,” or “Pre-
fer not to answer.” Participants that did not respond 
were excluded from subsequent analyses. After imputa-
tion and quality control, genome-wide analysis was per-
formed with a linear mixed model using BOLT-LMM. 
Only individuals of European ancestry were included in 
the GWAS.

Mendelian randomization
The inverse-variance weighted (IVW) was used as the 
main method for causal estimation. Wald ratios of indi-
vidual SNPs’ effects on the outcome were combined 
with a fixed-effect IVW when IVs ≤ 3 or a random effect 
IVW when over 3 IVs were included. Heterogeneities 

of the IVW analyses were estimated with Cochran’s Q 
values,  I2, and the H-statistics [24, 25]. We further per-
formed MR-Egger, weighted median as sensitivity analy-
ses [26–28]. MR-Egger is a method that can give valid 
causal estimates even with the existence of pleiotropy (p 
for intercept < 0.05), as it detects and corrects for poten-
tial horizontal pleiotropy [26]. The weighted median is a 
method that can be used to strengthen the causal esti-
mates when up to fifty percent of the weight in the MR 
analyses came from invalid instrument variables [27]. 
Multivariable Mendelian randomization (MVMR) is 
a method that estimates the direct effect of different 
exposures on the outcome after adjusting for the effects 
of other exposures. In this study, we have also used the 
MVMR method to estimate the causal associations of 
candidate metabolites/ratio index on the risk of facial 
skin aging adjusting for several common risk factors of 
aging including BMI, smoking behavior (cigarettes per 
day), and alcohol drinking (alcoholic drinks per week) 
[29].

Colocalization analysis
We have also performed a colocalization analysis 
between the degree of unsaturation and facial skin aging 
with HyprColoc (R package hyprcoloc: https:// rdrr. io/ 
github/ jrs95/ hyprc oloc/) [30]. The default prior probabil-
ity that an SNP is causal to one trait was 1 ×  10−4. If the 
posterior probability of one SNP being shared between 
the two traits in one region was greater than 0.8, we 
regarded it as a signal of colocalization.

MR Bayesian model averaging (MR‑BMA)
As many metabolic traits involved in the study are 
highly correlated based on sharing a substantial num-
ber of SNPs, it appears necessary to correct for the 
effects of “measured pleiotropy.” Here, we used the MR-
BMA to discover the metabolic biomarkers that play 
predominant roles in the causal associations with skin 
aging, from a group of related factors [19]. Compared 
with conventional multivariable MR methods, the MR-
BMA method is useful in disentangling the correlated 

Table 1 Detailed information of included data sources

Traits Sample size Year Population PubMed ID Web source

249 Circulating metabolites (primary 
analyses)

115,078 2020 European NA https:// www. ukbio bank. ac. uk/

123 Circulating metabolites (secondary 
analyses)

24,925 2016 European 27005,778 http:// www. compu tatio nalme 
dicine. fi/ data/ NMR_ GWAS/

Facial skin aging (perceived age) 423,992 (8,630 reported looking older 
than their biological age, 103,300 
reported looking about their age, and 
312,062 reported looking younger)

2020 European 32339537 https:// doi. org/ 10. 5523/ 
bris. 21crw snj4x wjm2g 4qi8c 
hathha

https://rdrr.io/github/jrs95/hyprcoloc/
https://rdrr.io/github/jrs95/hyprcoloc/
https://www.ukbiobank.ac.uk/
http://www.computationalmedicine.fi/data/NMR_GWAS/
http://www.computationalmedicine.fi/data/NMR_GWAS/
https://doi.org/10.5523/bris.21crwsnj4xwjm2g4qi8chathha
https://doi.org/10.5523/bris.21crwsnj4xwjm2g4qi8chathha
https://doi.org/10.5523/bris.21crwsnj4xwjm2g4qi8chathha
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metabolic biomarkers which may act via the same causal 
pathway [31]. In this study, we followed up the results 
from primary analyses, by assessing the causal effects 
of unsaturation-related biomarkers on skin aging with 
MR-BMA. SNPs associated with all selected biomarkers 
were pooled and then strictly clumped to exclude SNPs 
in LD (R2 < 0.001 in 10,000 kb distance in 1000 Genomes 
European-ancestry Reference Panel). Posterior probabil-
ity (PP) was calculated for all specific models (i.e., one 
biomarker or a combination of multiple biomarkers). The 
marginal inclusion probability (MIP) for each biomarker, 
which is the sum of the PP over all models where the bio-
marker is present, was used to rank the causal associa-
tions of the traits with the outcome. We also calculated 
model-averaged causal effects (MACE), which demon-
strates the direct causal effect of a biomarker on skin 
aging averaged across all related models. Cook’s distance 
was used to identify outliers in the MR-BMA analyses.

Statistical analyses
All statistical analyses in this study are two-sided. For 
primary analyses, a p-value < 2 ×  10−4 (0.05/249, Bonfer-
roni adjusted) was considered statistically significant, 
and a p-value between 0.05 and 2 ×  10−4 was consid-
ered suggestively significant. For secondary analyses, a 
p-value < 4 ×  10−4 (0.05/123, Bonferroni adjusted) was 
considered statistically significant, and a p-value between 
0.05 and 4 ×  10−4 was considered suggestively significant. 
All the analyses were performed on R platform (ver-
sion 4.1.0), with “TwoSampleMR” (0.5.5), “Mendelian 

randomization” (0.5.0), “MVMR,” “HyprColoc,” and 
“ggplot2” packages [28–30, 32, 33].

Results
Primary analyses
By assessing the 249 metabolic biomarkers’ effect on 
skin aging with univariable MR analyses, only the 
unsaturation degree of fatty acids was observed to have 
a significant causal effect on skin aging after Bonferroni 
adjustment (odds ratio [OR] = 1.084, 95% confidence 
interval [CI] = 1.049–1.120, p = 1.737 ×  10−06) (Fig.  1, 
Additional file 2: Table S1). The causal estimate remained 
consistent with sensitivity analyses (Additional file  2: 
Tables S2, S3). No horizontal pleiotropy was identified 
with the MR-Egger method (Additional file 2: Table S4).

Besides, 65 biomarkers were shown to have a sug-
gestively causal effect on skin aging (Additional file  2: 
Table  S1). To understand the relationships between dif-
ferent kinds of metabolic biomarkers and skin aging, 
we classified the 249 metabolic traits into nine major 
groups (Fig. 2, Additional file 1: Figs. S1–S8). Among dif-
ferent groups of biomarkers, we surprisingly found that 
unsaturation-related biomarkers showed a consistent 
association with skin aging, with 11 out of 17 unsatura-
tion-related biomarkers showing a significant or sug-
gestively significant causal effect (Fig.  2). Among them, 
the ratio of PUFA to total fatty acids (OR = 1.084, 95% 
CI 1.022–1.151, p = 0.008), PUFA to monounsaturated 
fatty acids (MUFA) (OR = 1.072, 95% CI 1.025–1.121, 
p = 0.002), n-3 PUFA to fatty acids (OR = 1.054, 95% CI 

Fig. 1 Volcano plot showing the causal estimates of 249 metabolic biomarkers on facial skin aging in the primary analyses with IVW method. IVW, 
inverse-variance weighted; VLDL, very-low-density lipoprotein; HDL, High-density lipoprotein
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1.014–1.100, p = 0.008), docosahexaenoic acid (DHA) 
to total fatty acids (OR = 1.086, 95% CI 1.039–1.135, 
p = 2.679 ×  10−04), n-3 PUFA (OR = 1.052, 95% CI 
1.017–1.088, p = 0.003), and DHA levels (OR = 1.066, 
95% CI 1.027–1.106, p = 8.103 ×  10−04), as biomark-
ers known to be associated higher unsaturation degree, 
increased the risk of skin aging (Fig.  2). But the ratio 
of n-6 to n-3 PUFA (OR = 0.945, 95% CI 0.912–0.979, 
p = 0.002), MUFA to total fatty acids (OR = 0.932, 95% CI 
0.895–0.970, p = 5.280), linoleic acid to total fatty acids 
(OR = 0.917, 95% CI 0.869–0.968, p = 0.002), and MUFA 
levels (OR = 0.945, 95% CI 0.908–0.984, p = 0.006) were 
negatively associated with the susceptibility to skin aging 
(Fig. 2).

Heatmaps of the causal associations are shown in Addi-
tional file  1: Figs. S1–S8. Notably, multiple triglyceride-
related biomarkers showed an overall tendency to reduce 
the risk of skin aging; however, none of them remained 
significant in the sensitivity analyses (Additional file  1: 
Fig. S1).

Mean F-statistics of all metabolites were higher than 
10, indicating a low risk of weak instrument bias. Het-
erogeneity and horizontal pleiotropy for all the analyses 

are presented in Additional file  2: Tables S4 and S5. 
Detailed information on used SNPs is provided in 
Additional file 2: Table S6.

To rule out the possibility that the skin aging process 
changes the levels of candidate metabolite or saturation 
degree, we also performed a reverse MR assessing the 
causal effects of facial skin aging on the 249 metabolic 
biomarkers. We observed no significant effects of facial 
skin aging on any of the included biomarkers with the 
IVW method (Additional file 2: Table S15).

We further performed a colocalization analysis to test 
whether the degree of unsaturation colocalizes with 
facial skin aging, and we identified potential colocali-
zation of the two traits at two regions. One candidate 
causal SNP rs13107325 is in region Chr4:102688709-
103688709, in gene SLC39A8, with a posterior prob-
ability of 0.887 and regional probability of 0.897. The 
other candidate causal SNP rs174564 is in region 
Chr11:60953822-61953822, with a posterior probabil-
ity of 0.7938 and regional probability of 1. Interestingly, 
rs174564 is in a protein-encoding gene FADS2 (fatty 
acid desaturase 2) which encodes an enzyme that regu-
lates unsaturation of fatty acids by introducing double 
bonds between defined carbons of the fatty acyl chain.

Fig. 2 Heatmap showing the causal estimates of unsaturation-related traits on facial skin aging in the primary analyses with IVW, MR-Egger, and 
weighted median methods. MR, Mendelian randomization; IVW, inverse-variance weighted
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We further used the MVMR method to estimate the 
causal associations of the degree of unsaturation on the 
risk of facial skin aging adjusting for common risk factors 
of aging including BMI, smoking behavior (cigarettes per 
day), and alcohol drinking (alcoholic drinks per week). 
All four exposures remained significantly causally associ-
ated with facial skin aging after adjusting for other factors 
(Additional file 2: Table S16).

Secondary analyses
In the secondary analyses, we estimated the causal 
effects of 123 circulating metabolic biomarkers on the 
risk of skin aging with two-sample MR. Seven out of 123 
biomarkers demonstrated statistical significance after 
adjusting for multiple testing (Fig. 3A). Interestingly, six 
of these seven biomarkers were associated with unsatura-
tion degree of fatty acids (Fig. 3A). Specifically, biomark-
ers indicative of a higher unsaturation degree, including 
average number of double bonds in a fatty acid chain 
(OR = 1.073, 95% CI 1.042–1.105, p = 2.99 ×  10−06), the 
ratio of bis-allylic groups to double bonds (OR = 1.073, 
95% CI 1.042–1.105, p = 2.99 ×  10−06), ratio of bis-allylic 
groups to total fatty acids (OR = 1.078, 95% CI 1.042–
1.115, p = 1.12 ×  10−05), and other polyunsaturated 
fatty acids than 18:2 (OR = 1.053, 95% CI 1.025–1.082, 
p = 1.82 ×  10−04), significantly increased the risk of facial 
skin aging (Fig. 3A, B). On the contrary, biomarkers that 
lead to a reduced level of unsaturation, including the 
average number of methylene groups per double bond 
(OR = 0.916, 95% CI 0.892–0.941, p = 1.77 ×  10−10) and 
the average number of methylene groups in a fatty acid 
chain (OR = 0.888, 95% CI 0.847–0.929, p = 4.13 ×  10−07), 
were inversely correlated with skin aging predisposition 
(Fig.  3a, b). The significance of the unsaturation-related 
traits remained consistent in all the sensitivity analyses 
(Additional file  1: Fig. S9). Causal estimates from sensi-
tivity analyses, horizontal pleiotropy, and heterogeneity 
are shown in Additional file  2: Tables S7–S11. Detailed 
information on all included IVs is presented in Additional 
file 2: Table S12.

MR Bayesian model averaging
We further performed an MR Bayesian model averag-
ing analysis with 17 unsaturation-related traits from the 
primary analyses. A total of 463 SNPs were identified as 
associated with the 17 biomarkers after removing dupli-
cate SNPs. We then removed SNPs in LD and retained 
214 SNPs for downstream analyses (Additional file  2: 
Table S13).

In the MR-BMA analyses, we selected the best models 
with the highest posterior probability (Additional file  2: 
Table S14). After that, the MIPs of all included metabo-
lite biomarkers were calculated and used to rank the 

biomarkers for their causal associations with skin aging 
risk (Table  2). Degree of unsaturation was identified as 
the top-ranked biomarker that increases the risk of skin 
aging (MIP = 0.654, average effect = 0.056, p = 0.010). 
Besides, the ratio of PUFA to MUFA (MIP = 0.106, aver-
age effect = 0.008, p = 0.040) and MUFA percentage 
(MIP = 0.093, average effect = -0.006, p = 0.040) were also 
identified to be independently associated with skin aging 
(Table  2). No outliers were identified in the analyses by 
using Cook’s distance (Additional file  1: Figures  S10–
S12). We have used the Q-statistics for identifying out-
liers in MR-BMA; after removing outliers, degree of 
unsaturation remained the top-ranked biomarker asso-
ciated with the risk of skin aging (MIP = 0.852, average 
effect = 0.073, p = 0.010) (Additional file 1: Fig. S13).

Discussion
The aging process may be influenced by various factors 
including intrinsic aging, environment, and lifestyle hab-
its [34–37]. Nutritional factors have been shown to play 
an important role in maintaining the normal function of 
the skin [38]. However, the association between nutri-
tional status and changes in skin appearance remains 
unclear. Our study, for the first time, comprehensively 
studied the individual causal effects of a broad range of 
circulating metabolic traits on the predisposition of skin 
aging. Our results highlighted the effect of the degree of 
unsaturation and several unsaturation-related metabo-
lites on the risk of skin aging. We also observed that 
multiple triglyceride-related biomarkers showed a trend 
toward reduced skin aging risk. This further confirmed 
the robustness of our analyses as triglycerides are a major 
component of sebum, which is known to be important 
for moisturizing and protecting human skin [39].

There are limited publications on unsaturated fatty 
acids in skin aging. Some studies found an improved 
photoprotection with dietary supplementation of PUFAs 
[12, 40–42]. However, most of these studies were based 
on observational designs or short-term oral supplemen-
tation and only assessed the interaction of unsaturation 
with environmental risk factors for skin aging such as 
sunlight exposure. The long-term effects of lipid unsatu-
ration degree on skin aging process are still not fully 
established. Besides, oral supplementation commonly 
contains several categories of unsaturated fatty acids, 
while fatty acids with different degrees of unsaturation 
may generate diverse effects on skin aging [9, 42]. Even 
though shown to be photoprotective, fat unsaturation 
has also been reported to be associated with aging by 
several studies [9, 43, 44]. A higher degree of fat unsatu-
ration in tissue membrane promotes the aging process 
through free radical production and oxidative stress [45, 
46]. This is consistent with our observations in this study 
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Fig. 3 Causal effects of circulating metabolome on facial skin aging in the secondary analyses. A Volcano plot showing the causal estimates of 123 
metabolic traits on facial skin aging in the secondary analyses with IVW method; B forest plots showing the causal estimates of seven metabolic 
traits that are significantly associated with facial skin aging in the secondary analyses with IVW, MR-Egger, and weighted median methods. MR, 
Mendelian randomization; IVW, inverse-variance weighted, No., number; SNP, single-nucleotide polymorphism; CI, confidence interval
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that genetically proxied degree of unsaturation was pos-
itively correlated with the risk of facial skin aging as an 
independent risk factor (Fig.  1). We also observed that 
increased ratios of total PUFA, n-3 PUFA, and DHA tend 
to contribute to skin aging, while a higher ratio of n-6 
to n-3 PUFA, and the ratio of linoleic acid, reduced the 
risk of skin aging (Fig. 1). Intriguingly, neither the abso-
lute level nor the percentage of saturated fatty acids were 
associated with facial skin aging in any of the methods of 
analysis, suggesting that changes in the proportions of 
different kinds of unsaturated fatty acids with different 
degrees of unsaturation were more important factors for 
skin aging (Figs. 1, 2).

These results were validated in our secondary analyses 
with an independent dataset for circulating metabolites. 
As n-6 PUFAs have fewer double bonds than n-3 PUFAs 
(2–4 compared to 3–6 double bonds), we observed that 
a higher number of double bonds in fatty acids increased 
facial skin aging risk (Fig. 3). Furthermore, we also found 
that higher numbers and ratios of bis-allylic groups, 
which have been reported to determine cells’ susceptibil-
ity to free radical-mediated peroxidative events, added to 
the risk of skin aging (Fig. 3) [47]. DHA is a kind of n-3 
PUFA that contains five bis-allylic positions. It is highly 
sensitive to radical oxidation and may lead to deleteri-
ous advanced lipid peroxidation end products (ALEs) 
[48, 49]. When ALEs are formed at toxic levels, they may 
disrupt the cellular membrane and cause DNA damage 
[50, 51]. In this study, we also observed that genetically 

proxied higher DHA percentage and absolute level had a 
causal effect on skin aging (Fig. 2). Metabolite biomark-
ers analyzed in this study include both absolute levels 
and their percentage in total fatty acids or ratios to other 
metabolites. Intriguingly, it appears that the percentages 
of these unsaturation-related metabolites tend to gen-
erate a more significant effect on skin aging than their 
absolute concentrations (Fig. 1, Table 2). Previous publi-
cations also suggested that dietary intake of PUFA should 
be below a ceiling percentage of total energy [52]. The 
evidence suggests that maintaining a rational propor-
tion of dietary unsaturated fatty acids might be of great 
importance to prevent their adverse effects on human 
skin.

The effects of PUFA on aging and obesity have also 
been intensively studied in mouse models. It has been 
shown that linoleic acid, compared with saturated fat, is 
more prone to induce obesity and insulin resistance and 
reduce motility (14962692, 22334255, 27886622). To rule 
out the potential confounding factors and mediation 
effects, we also performed the MVMR to adjust for BMI 
and common lifestyle habits that could lead to metabolic 
dysregulation. Notably, our MVMR results further con-
firmed our MR findings, indicating that the unsaturation 
degree of fatty acid may be an independent risk factor in 
inducing facial aging.

There are several strengths and limitations of our 
study. To our knowledge, this is the first study employ-
ing an MR approach to assess the effects of individual 

Table 2 Ranking of unsaturation-related metabolic biomarkers for the risk of skin aging using MR-BMA

MIP marginal inclusion probability, MR Mendelian randomization, MR-BMA MR based on Bayesian model averaging, PUFA polyunsaturated fatty acids, MUFA 
monounsaturated fatty acids, DHA docosahexaenoic acid, LA linoleic acid, SFA saturated fatty acids

Metabolite biomarkers MR‑base ID Ranking 
by MIP

MIP Average effect p value

Degree of unsaturation met-d-Unsaturation 1 0.654 0.056 0.009901

Ratio of polyunsaturated fatty acids to monounsaturated fatty acids met-d-PUFA_by_MUFA 2 0.106 0.008 0.039604

Ratio of monounsaturated fatty acids to total fatty acids met-d-MUFA_pct 3 0.093 − 0.006 0.039604

Ratio of polyunsaturated fatty acids to total fatty acids met-d-PUFA_pct 4 0.088 0.007 0.09901

Ratio of docosahexaenoic acid to total fatty acids met-d-DHA_pct 5 0.067 0.002 0.366337

Docosahexaenoic acid met-d-DHA 6 0.025 − 0.001 0.930693

Ratio of omega-3 fatty acids to total fatty acids met-d-Omega_3_pct 7 0.02 0.002 0.930693

Ratio of linoleic acid to total fatty acids met-d-LA_pct 8 0.018 − 0.001 0.960396

Ratio of omega-6 fatty acids to total fatty acids met-d-Omega_6_pct 9 0.017 0.001 0.970297

Ratio of omega-6 fatty acids to omega-3 fatty acids met-d-Omega_6_by_Omega_3 10 0.016 0.001 0.950495

Linoleic acid met-d-LA 11 0.013 − 0.002 0.980198

Monounsaturated fatty acids met-d-MUFA 12 0.012 − 0.001 0.039604

Omega-6 fatty acids met-d-Omega_6 13 0.011 0.001 0.980198

Omega-3 fatty acids met-d-Omega_3 14 0.011 0 0.970297

Saturated fatty acids met-d-SFA 15 0.008 0 0.990099

Polyunsaturated fatty acids met-d-PUFA 16 0.007 0 0.990099

Ratio of saturated fatty acids to total fatty acids met-d-SFA_pct 17 0.005 0 1
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circulating metabolites on skin aging. This is particu-
larly important as results from observational studies 
or experimental mouse models are based on the aggre-
gate effect of different dietary intake components [53]. 
Our results highlighted the importance of unsaturation 
degree in facial skin aging and provided a good reference 
for future studies. Besides, by using genetic variants as 
instrumental variables for the metabolic biomarkers, we 
minimized the bias from confounding factors and reverse 
causality. Also, the results remained consistent across 
the primary and replication analyses, which guaranteed 
the robustness of the findings. Lastly, the study popula-
tion were refined to individuals of European ancestry to 
minimize bias from population stratification. However, 
this also restricted the generalizability of the conclusions, 
and it is necessary to validate the findings in other popu-
lations. Another restriction is that using genetic variants 
as proxies mimics a lifetime exposure, while oral sup-
plementation for short period may generate a different 
effect. Finally, the metabolic biomarkers were measured 
in a non-fasting population, which can lead to inaccu-
rate measurements. Nevertheless, the GWASs of the 
metabolites were adjusted for fasting time and found the 
alterations in the estimates were neglectable. Lastly, our 
MR study is unable to explore the cellular and molecu-
lar mechanisms underlying the effects of metabolites on 
facial aging. The gene GPR120 has been identified as the 
natural receptor of PUFA; we believed that further inves-
tigations using mutant mouse models (such as Gpr120 
mutant mice), skin cell in vitro culture, single-cell RNA-
seq, and proteomics experiments are warranted to reveal 
the detailed molecular events in skin tissue after the sup-
plementation of PUFA.

In conclusion, our study provided evidence suggesting 
the unsaturation degree of circulating fatty acids as the 
predominant trait that is involved in the development 
of facial skin aging. Further studies are needed to inves-
tigate the role of long-term supplementation of unsatu-
rated fatty acids in facial skin aging.

Abbreviations
ALEs  Advanced lipid peroxidation end products
CI  Confidence interval
DHA  Docosahexaenoic acid
DNA  Deoxyribonucleic acid
GWASs  Genome-wide association studies
IVW  Inverse-variance weighted
kb  Kilobase
LD  Linkage disequilibrium
LMM  Linear mixed model
MACE  Model-averaged causal effects
MIP  Marginal inclusion probability
MR  Mendelian randomization
MR-BMA  MR Bayesian model averaging
MUFA  Monounsaturated fatty acids
NMR  Nuclear magnetic resonance

OR  Odds ratio
PP  Posterior probability
PUFA  Polyunsaturated fatty acids
SNP  Single-nucleotide polymorphisms

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40246- 023- 00470-y.

Additional file1: Figure S1. Heatmap showing the causal estimates of 
triglycerides related traits on facial skin aging in the primary analyses with 
IVW, MR-Egger, and weighted median methods. Figure S2. Heatmap 
showing the causal estimates of amino acids on facial skin aging in the 
primary analyses with IVW, MR-Egger, and weighted median methods. 
Figure S3. Heatmap showing the causal estimates of cholesterol ester 
on facial skin aging in the primary analyses with IVW, MR-Egger, and 
weighted median methods. Figure S4. Heatmap showing the causal 
estimates of free cholesterol on facial skin aging in the primary analyses 
with IVW, MR-Egger, and weighted median methods. Figure S5. Heatmap 
showing the causal estimates of lipoprotein cholesterol on facial skin 
aging in the primary analyses with IVW, MR-Egger, and weighted median 
methods. Figure S6: Heatmap showing the causal estimates of small 
metabolites on facial skin aging in the primary analyses with IVW, MR-
Egger, and weighted median methods. Figure S7. Heatmap showing 
the causal estimates of phospholipids on facial skin aging in the primary 
analyses with IVW, MR-Egger, and weighted median methods. Figure S8. 
Heatmap showing the causal estimates of total lipids on facial skin aging 
in the primary analyses with IVW, MR-Egger, and weighted median meth-
ods. Figure S9. Heatmap showing the causal estimates of 123 metabolic 
traits on facial skin aging in the secondary analyses with IVW, MR-Egger, 
and weighted median methods. Figure S10. Dot plot of Cook’s distance 
for the causal effects of degree of unsaturation on facial skin aging with 
MR-BMA method. Figure S11. Dot plot of Cook’s distance for the causal 
effects of MUFA on facial skin aging with MR-BMA method. Figure S12. 
Dot plot of Cook’s distance for the causal effects of PUFA to MUFA ratio 
on facial skin aging with MR-BMA method. Figure S13. Dot plot of 
Q-statistics for the causal effects of degree of unsaturation on facial skin 
aging with MR-BMA method.

Additional file 2: Table S1. Results with IVW method from primary 
analyses. Table S2. Results with MR-Egger method from primary analyses. 
Table S3. Results with weighted median method from primary analyses. 
Table S4. Measurements of horizontal pleiotropy in primary analyses. 
Table S5. Measurements of heterogeneity in primary analyses. Table S6. 
Detailed information of all SNPs in primary analyses. Table S7. Results with 
Wald ratios and IVW method from secondary analyses. Table S8. Results 
with MR-Egger method from secondary analyses. Table S9. Results with 
weighted median method from secondary analyses. Table S10. Measure-
ments of horizontal pleiotropy in secondary analyses. Table S11. Measure-
ments of heterogeneity in secondary analyses. Table S12: Detailed infor-
mation of all SNPs in secondary analyses. Table S13. Detailed information 
of all SNPs in MR-BMA analyses. Table S14. Best models and correspond-
ing posterior probabilities in MR-BMA analyses. Table S15. Causal effects 
of facial skin aging on metabolic traits from primary analyses with IVW 
method. Table S16. Direct effects of common risk factors on facial skin 
aging with Multivariable MR analyses.

Acknowledgements
Not applicable.

Author contributions
ZL and HW were involved in conceptualization and writing—reviewing and 
editing. ZL and JM were involved in formal analysis and writing—original draft. 
All authors read and approved the final manuscript.

Funding
None.

https://doi.org/10.1186/s40246-023-00470-y
https://doi.org/10.1186/s40246-023-00470-y


Page 10 of 11Liu et al. Human Genomics           (2023) 17:23 

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files. The summary-level statistics 
of GWAS dataset for metabolic traits can be accessed through IEU open 
GWAS project (https:// gwas. mrcieu. ac. uk/ datas ets/) or MR-Base (https:// www. 
mrbase. org/) website under the accession ID met-d and met-c. The summary-
level statistics of facial skin aging can be accessed from a previous publication 
(https:// doi. org/ 10. 5523/ bris. 21crw snj4x wjm2g 4qi8c hathha).

Declarations

Ethics approval and consent to participate
Not applicable to this study. Written informed consent and approval from the 
local ethical committee were obtained by all included GWAS studies.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 7 November 2022   Accepted: 8 March 2023

References
 1. Lee SH, Jeong SK, Ahn SK. An update of the defensive barrier function of 

skin. Yonsei Med J. 2006;47(3):293–306.
 2. Williams HC. Clinical practice. Atopic dermatitis N Engl J Med. 

2005;352(22):2314–24.
 3. Roberts V, Main B, Timpson NJ, Haworth S. Genome-wide association 

study identifies genetic associations with perceived age. J Invest Derma-
tol. 2020;140(12):2380–5.

 4. Schmauck-Medina T, Moliere A, Lautrup S, Zhang J, Chlopicki S, Madsen 
HB, et al. New hallmarks of ageing: a 2022 Copenhagen ageing meeting 
summary. Aging. 2022;14(16):6829–39.

 5. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hall-
marks of aging. Cell. 2013;153(6):1194–217.

 6. Muzumdar S, Ferenczi K. Nutrition and youthful skin. Clin Dermatol. 
2021;39(5):796–808.

 7. Rhodes LE, Durham BH, Fraser WD, Friedmann PS. Dietary fish oil reduces 
basal and ultraviolet B-generated PGE2 levels in skin and increases the 
threshold to provocation of polymorphic light eruption. J Invest Derma-
tol. 1995;105(4):532–5.

 8. Kim HH, Cho S, Lee S, Kim KH, Cho KH, Eun HC, et al. Photoprotective and 
anti-skin-aging effects of eicosapentaenoic acid in human skin in vivo. J 
Lipid Res. 2006;47(5):921–30.

 9. Wang P, Yan G, Xue H, Shen S, Cao Y, Zhang G, et al. Proteomics and lipid-
omics reveal the protective mechanism of dietary n-3 PUFA supplemen-
tation for photoaging. Food Funct. 2021;12(17):7883–96.

 10. Gruber F, Ornelas CM, Karner S, Narzt MS, Nagelreiter IM, Gschwandtner 
M, et al. Nrf2 deficiency causes lipid oxidation, inflammation, and matrix-
protease expression in DHA-supplemented and UVA-irradiated skin 
fibroblasts. Free Radic Biol Med. 2015;88(Pt B):439–51.

 11. Helal NA, Eassa HA, Amer AM, Eltokhy MA, Edafiogho I, Nounou MI. 
Nutraceuticals’ novel formulations: the good, the bad, the unknown and 
patents involved. Recent Pat Drug Deliv Formul. 2019;13(2):105–56.

 12. Latreille J, Kesse-Guyot E, Malvy D, Andreeva V, Galan P, Tschachler E, et al. 
Association between dietary intake of n-3 polyunsaturated fatty acids 
and severity of skin photoaging in a middle-aged Caucasian population. 
J Dermatol Sci. 2013;72(3):233–9.

 13. Curtis R, Geesaman BJ, DiStefano PS. Ageing and metabolism: drug 
discovery opportunities. Nat Rev Drug Discov. 2005;4(7):569–80.

 14. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors 
for causal inference in epidemiological studies. Hum Mol Genet. 
2014;23(R1):R89-98.

 15. Sanderson E, Smith GD, Windmeijer F, Bowden J. Corrigendum to: 
an examination of multivariable Mendelian randomization in the 
single-sample and two-sample summary data settings. Int J Epidemiol. 
2020;49(3):1057.

 16. Shin SY, Fauman EB, Petersen AK, Krumsiek J, Santos R, Huang J, et al. 
An atlas of genetic influences on human blood metabolites. Nat Genet. 
2014;46(6):543–50.

 17. Roederer M, Quaye L, Mangino M, Beddall MH, Mahnke Y, Chattopad-
hyay P, et al. The genetic architecture of the human immune system: 
a bioresource for autoimmunity and disease pathogenesis. Cell. 
2015;161(2):387–403.

 18. Kettunen J, Demirkan A, Wurtz P, Draisma HH, Haller T, Rawal R, et al. 
Genome-wide study for circulating metabolites identifies 62 loci and 
reveals novel systemic effects of LPA. Nat Commun. 2016;7:11122.

 19. Zuber V, Colijn JM, Klaver C, Burgess S. Selecting likely causal risk factors 
from high-throughput experiments using multivariable Mendelian rand-
omization. Nat Commun. 2020;11(1):29.

 20. Mi J, Jiang L, Liu Z, Wu X, Zhao N, Wang Y, et al. Identification of blood 
metabolites linked to the risk of cholelithiasis: a comprehensive Men-
delian randomization study. Hepatol Int. 2022. https:// doi. org/ 10. 1007/ 
s12072- 022- 10360-5.

 21. Ahola-Olli AV, Mustelin L, Kalimeri M, Kettunen J, Jokelainen J, Auvinen J, 
et al. Circulating metabolites and the risk of type 2 diabetes: a prospec-
tive study of 11,896 young adults from four Finnish cohorts. Diabetologia. 
2019;62(12):2298–309.

 22. Soininen P, Kangas AJ, Wurtz P, Suna T, Ala-Korpela M. Quantitative serum 
nuclear magnetic resonance metabolomics in cardiovascular epidemiol-
ogy and genetics. Circ Cardiovasc Genet. 2015;8(1):192–206.

 23. Zhou J, Mi J, Peng Y, Han H, Liu Z. Causal associations of obesity with the 
intervertebral degeneration, low back pain, and sciatica: a two-sample 
Mendelian randomization study. Front Endocrinol. 2021;12:740200.

 24. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency 
in meta-analyses. BMJ. 2003;327(7414):557–60.

 25. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan NA, 
Thompson JR. Assessing the suitability of summary data for two-sample 
Mendelian randomization analyses using MR-Egger regression: the role of 
the I2 statistic. Int J Epidemiol. 2016;45(6):1961–74.

 26. Burgess S, Thompson SG. Interpreting findings from Mendelian randomi-
zation using the MR-Egger method. Eur J Epidemiol. 2017;32(5):377–89.

 27. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estima-
tion in Mendelian randomization with some invalid instruments using a 
weighted median estimator. Genet Epidemiol. 2016;40(4):304–14.

 28. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomization 
between complex traits and diseases. Nat Genet. 2018;50(5):693–8.

 29. Sanderson E, Spiller W, Bowden J. Testing and correcting for weak and 
pleiotropic instruments in two-sample multivariable Mendelian randomi-
zation. Stat Med. 2021;40(25):5434–52.

 30. Foley CN, Staley JR, Breen PG, Sun BB, Kirk PDW, Burgess S, et al. A fast 
and efficient colocalization algorithm for identifying shared genetic risk 
factors across multiple traits. Nat Commun. 2021;12(1):764.

 31. Lord J, Jermy B, Green R, Wong A, Xu J, Legido-Quigley C, et al. Mendelian 
randomization identifies blood metabolites previously linked to midlife 
cognition as causal candidates in Alzheimer’s disease. Proc Natl Acad Sci 
USA. 2021. https:// doi. org/ 10. 1073/ pnas. 20098 08118.

 32. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The 
MR-Base platform supports systematic causal inference across the human 
phenome. Elife. 2018. https:// doi. org/ 10. 7554/ eLife. 34408.

 33. Yavorska OO, Burgess S. MendelianRandomization: an R package for 
performing Mendelian randomization analyses using summarized data. 
Int J Epidemiol. 2017;46(6):1734–9.

 34. Gilchrest BA. Skin aging and photoaging: an overview. J Am Acad Derma-
tol. 1989;21(3 Pt 2):610–3.

 35. Gomez EC, Berman B. The aging skin. Clin Geriatr Med. 1985;1(1):285–305.
 36. Cosgrove MC, Franco OH, Granger SP, Murray PG, Mayes AE. Dietary nutri-

ent intakes and skin-aging appearance among middle-aged American 
women. Am J Clin Nutr. 2007;86(4):1225–31.

 37. Kennedy C, Bastiaens MT, Bajdik CD, Willemze R, Westendorp RG, Bouwes 
Bavinck JN, et al. Effect of smoking and sun on the aging skin. J Invest 
Dermatol. 2003;120(4):548–54.

https://gwas.mrcieu.ac.uk/datasets/
https://www.mrbase.org/
https://www.mrbase.org/
https://doi.org/10.5523/bris.21crwsnj4xwjm2g4qi8chathha
https://doi.org/10.1007/s12072-022-10360-5
https://doi.org/10.1007/s12072-022-10360-5
https://doi.org/10.1073/pnas.2009808118
https://doi.org/10.7554/eLife.34408


Page 11 of 11Liu et al. Human Genomics           (2023) 17:23  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 38. Dalgard F, Svensson A, Holm JO, Sundby J. Self-reported skin morbidity 
among adults: associations with quality of life and general health in a 
Norwegian survey. J Investig Dermatol Symp Proc. 2004;9(2):120–5.

 39. Thody AJ, Shuster S. Control and function of sebaceous glands. Physiol 
Rev. 1989;69(2):383–416.

 40. Boelsma E, Hendriks HF, Roza L. Nutritional skin care: health effects of 
micronutrients and fatty acids. Am J Clin Nutr. 2001;73(5):853–64.

 41. Sies H, Stahl W. Nutritional protection against skin damage from sunlight. 
Annu Rev Nutr. 2004;24:173–200.

 42. Pilkington SM, Watson RE, Nicolaou A, Rhodes LE. Omega-3 polyun-
saturated fatty acids: photoprotective macronutrients. Exp Dermatol. 
2011;20(7):537–43.

 43. Hulbert AJ, Faulks SC, Buffenstein R. Oxidation-resistant membrane 
phospholipids can explain longevity differences among the longest-
living rodents and similarly-sized mice. J Gerontol A Biol Sci Med Sci. 
2006;61(10):1009–18.

 44. Calhoon EA, Ro J, Williams JB. Perspectives on the membrane fatty acid 
unsaturation/pacemaker hypotheses of metabolism and aging. Chem 
Phys Lipids. 2015;191:48–60.

 45. Barja G. The mitochondrial free radical theory of aging. Prog Mol Biol 
Transl Sci. 2014;127:1–27.

 46. Barja G. Free radicals and aging. Trends Neurosci. 2004;27(10):595–600.
 47. Wagner BA, Buettner GR, Burns CP. Free radical-mediated lipid peroxida-

tion in cells: oxidizability is a function of cell lipid bis-allylic hydrogen 
content. Biochemistry. 1994;33(15):4449–53.

 48. Rosell M, Giera M, Brabet P, Shchepinov MS, Guichardant M, Durand 
T, et al. Bis-allylic deuterated DHA alleviates oxidative stress in retinal 
epithelial cells. Antioxidants. 2019;8(10):447.

 49. Vistoli G, De Maddis D, Cipak A, Zarkovic N, Carini M, Aldini G. Advanced 
glycoxidation and lipoxidation end products (AGEs and ALEs): an over-
view of their mechanisms of formation. Free Radic Res. 2013;47(Suppl 
1):3–27.

 50. Semchyshyn HM. Reactive carbonyl species in vivo: generation and dual 
biological effects. Sci World J. 2014;2014:417842.

 51. Yin H, Xu L, Porter NA. Free radical lipid peroxidation: mechanisms and 
analysis. Chem Rev. 2011;111(10):5944–72.

 52. Eritsland J. Safety considerations of polyunsaturated fatty acids. Am J Clin 
Nutr. 2000;71(1 Suppl):197S-201S.

 53. Shannon OM, Ashor AW, Scialo F, Saretzki G, Martin-Ruiz C, Lara J, 
et al. Mediterranean diet and the hallmarks of ageing. Eur J Clin Nutr. 
2021;75(8):1176–92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Relationships between circulating metabolites and facial skin aging: a Mendelian randomization study
	Abstract 
	Background 
	Objectives 
	Method 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design

	Data sources
	Metabolic profile for primary analyses
	Metabolic profile for secondary analyses
	IV selection

	Facial skin aging
	Mendelian randomization
	Colocalization analysis
	MR Bayesian model averaging (MR-BMA)
	Statistical analyses

	Results
	Primary analyses
	Secondary analyses
	MR Bayesian model averaging

	Discussion
	Anchor 25
	Acknowledgements
	References


