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Abstract

Modulations of gene expression in p38-MAPK pathway affect the immunity and lifespan of Caenorhabditis elegans (C. elegans) through
various mechanisms. The purpose of this review is to summarize the role of p38-MAPK pathway genes on the lifespan of C. elegans, and
identify the regulatory genes involved. Literature search for relevant studies was done through PubMed and Scopus databases using MeSH
keywords Caenorhabditis elegans, C. elegans, nematode*, inflam*, gene*, RNA, DNA, p38 mitogen-activated protein kinase, p38 MAP
Kinase* pathway, p38* pathway, MAPK* pathway, lifespan and longevity. The search was limited to studies that were published in the last
ten years (2009-Jan 2019). After exclusion of duplicates and studies that did not meet the inclusion criteria, a total of 21 research articles
were selected for further assessments. Data relevant to effects of p38-MAPK pathway genes on the lifespan of C. elegans was independently
extracted. Extension of lifespan was reported in daf-2 and pmk-2 knock down mutants. Shortened lifespan was found in sek- 1, pmk-1, nsy-1 and
skn-1 knock down mutants. Different pathogen or toxicity will trigger different expression of genes of resistance in C. elegans which contribute
to the longevity of the worm. In conclusion, increased expression of nsy-1, tir-1, sek-1, pmk-1, pmk-3, skn-1, daf-16 and decreased expression
of daf-2 and pmk-2 in p38-MAPK pathway increased the lifespan of C. elegans by improving resistance of the worm towards pathogen.
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INTRODUCTION

Caenorhabditis  elegans (C. elegans) has widely
been used as a model organism for aging research
due to its homologous genome to human and rapid
life cycle which enables observation of life stages
throughout the lifespan of the worm. Studies on nematode
immunity is crucial to establish the innate immune
signalling that can be implemented in higher order animals
[1]. C. elegans have similar functions of the neurons, skin,
gut, muscles, and other tissues to humans [2]. Important
signaling pathways were also highly conserved between
C. elegans and humans [3]. C. elegans has approximately
65% of human disease-associated genes [4], including
Alzheimer’s disease, type II diabetes, and depression [5].
Interestingly, several human pathogens also infect the
intestine of C. elegans which makes this nematode valuable
for immune response studies [6]. Unlike other invertebrates
with adaptive immune system, C. elegans rely on their
innate defence mechanism [7] against viral, bacterial and
fungal infections. The mechanisms of defences in C. elegans
include avoidance behaviour [8], strengthening of physical
barrier [9] and activation of signalling pathways [10].

The weakening of immune function during aging
or immunosenescence in C. elegans is associated with
deterioration of the intestinal tissue and increased bacteria
proliferations in the intestine [11]. Previous studies on live
and killed bacteria as food source of C. elegans found that C.
elegans fed with killed bacteria had longer lifespan [12, 13].

These results illustrates the importance of immune defence
in lengthening the lifespan of C. elegans [11].

Immune response of C. elegans is associated with
increased production of antimicrobial peptides (AMP),
saposins and proteins such as /ys-8 [14, 15]. The major
immune-signalling pathways that are highly conserved
between C. elegans and humans are ERK, p38-MAPK,
TGF-p/DBL-1, and the DAF-2/DAF-16 pathways. The
p38 mitogen-activated protein kinase (MAPK) pathway
responds to extracellular signals and transduces the signal to
regulate gene expression. The p38 MAPK pathway regulates
genes that play roles in apoptosis, cell cycle, differentiation,
development, and inflammation [16]. The overlapping
between p38 MAPK and insulin signalling pathway during
a pathogen response is due to FOXO transcription factor.
Genetic evidence has established connections between
p38 MAPK pathway to DAF-2/DAF-16 insulin-signalling
network [17]. Loss of PMK-1 or SEK-1 has been found
to eliminate daf-2 mutant resistance to P. aeruginosa [18].
C. elegans has the ability to differentiate between food
sources or pathogens [9]. This ability requires both DAF-
16 and PMK-1 as both function in neuronal detection and
signalling systems to either exhibits behavioral responses
or stress regulators to function. Hence, this shows that both
pathways function in parallel to one another [18, 19]. The
capacity to discriminate pathogens from food sources is in
part achieved by coupling neuronal detection and signalling



38 S. B. Zulkefli et al. / JABS, 13(1): 37-45, 2019

systems to either behavioral responses or stress regulators
such as PMK-1 and DAF-16 [20]. Among these pathways,
p38-MAPK pathway is highly conserved between human
and C. elegans [21]. The p38-MAPK pathway consists of
NSY-1, SEK-1 and PMK-1 kinases, functions to mediate
pathogen-specific responses by regulating expression of
protective immune response genes for both immune defence
and longevity [10, 18].

The p38-MAPK pathway response to a variety of
environmental stresses. Signals received at the cell surface
are relayed into the nucleus, where p38 MAPK modulates the
activities of a subset of transcription factors. There are three
genes, pmk-1, pmk-2 and pmk-3 that encode p38 MAPKs
in C. elegans. PMK-1 regulates the immune defence in C.
elegans and it is required for resistance to a diverse range
of pathogenic bacteria and fungi [22, 23]. PMK-1 regulates
transcription factor ATF-7 which activates intestinal
expression of genes encoding proteins that contribute to host
defence such as C-type lectins, lysozymes and antimicrobial
peptides [18, 24, 25]

Some studies have reported an increased lifespan when
certain p38-MAPK pathway genes were knockdown while
some have reported the opposite. Therefore, the purpose
of this review is to summarize the genes in p38-MAPK
pathway which regulates the lifespan of C. elegans and to
explain the possible mechanisms of action involved.

MATERIALS AND METHODS

An electronic search of the PubMed and Scopus
databases were carried out using a combination of four sets
of the following keywords:

1. caenorhabditis elegans or c. elegans or nematode*

2. inflam* or gene* or DNA or RNA

3. p38 mitogen-activated protein kinase* or p38 MAP
Kinase* pathway or p38* pathway or MAPK* pathway

4. lifespan and longevity

Selection of research articles

Results generated by the two databases were retrieved
and screened according to the inclusion criteria. All relevant
articles included in this study were limited to English
language and published in the last ten years (2009-Jan 2019).
Other inclusion criteria included original lifespan research
articles which used healthy C. elegans as samples.

Data extraction and management

All articles generated by the databases underwent three
phases of screening. The articles were independently assessed
by two authors throughout the phases. In the first phase,
articles with irrelevant titles were excluded. In the second
phase, duplicates from the two databases were removed
and abstracts of the remaining articles were obtained. The
abstracts were further screened to exclude articles that did
not match the inclusion criteria. In the final phase, full text
from the remaining articles were retrieved, read entirely to
extract data pertaining to the number of worms assessed,
genes involved and results of lifespan.

RESULTS

Computerized literature searches identified forty
potentially relevant articles. In the first phase of selection,
eleven articles that did not fulfil the inclusion criteria were
excluded (n=11). After removing the duplicates, abstracts
of twenty-one articles were retrieved for further assessment
and data extraction. A flow chart of the article selection is

shown in Figure 1.

Multiple studies along the years have shown that lifespan
expansion in C. elegans mostly correlated with p38-MAPK
pathway genes. Mutation of certain genes such as daf-2,
pmk-2 and sek-1 lead to inhibition of the insulin/insulin-like
growth factor-1 signalling (IIS) and p38-MAPK pathways,
thus extension of lifespan as shown in all the studies [26-33].
Most of the genes studied, namely sek-1, pmk-1, pmk-3, nsy-
1, tir-1, daf-16, daf-2, jnk-1 and skn-1 genes were involved
in IIS and p38-MAPK pathways. Genes that increased
lifespan were bolded in Table 1.

Knockdown of daf-2 [26-33] and pmk-2 genes [34] were
reported to extend the lifespan of C. elegans. Elsewhere,
knockdown of genes such as sek-1, pmk-1, nsy-1, tir-1, jnk-
1, pmk-3, daf-16 and skn-1 resulted in shortened lifespan.
Mutant strains with decreased expression of pmk-3 gene
were found to have increased lifespan [34, 35] while a study
done by Verma et al. 2018 showed otherwise [26].

Similar outcomes were seen in studies done on fir-1,
pmk-1, daf-16, skn-1 and jnk-1 genes. Four studies done
on jnk-1 mutant strain showed a decline in lifespan while
a study by Komura et al. 2013 showed the opposite [28, 31,
32, 34, 36]. Likewise, nsy-1 mutant strains were found to
have increased lifespan by Uno et al. 2013 but were reported
to have decreased lifespan by three other studies [26, 29,
34, 36].

Three studies that used skn-1(zul35) mutant strains
showed decreased lifespan [29, 33, 37]. Studies done using
skn-1(zu67), a different mutant strain, showed variable
outcomes [28-31, 33, 38]. All studies on daf-16 gene showed
decrease lifespan despite using different mutant strains,
whereby five studies had used daf-16(mgdf50) strain [26, 29,
32, 33, 39] and eight studies had used daf-16(mu86) strain
[27, 28, 30, 31, 34, 36, 39, 40]. Only one study reported an
increased lifespan in daf-16(mu86) mutant strain [30].
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Figure 1. Flow chart of the search strategy and study selection process of the articles in this review
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Table 1. Lifespan data of C. elegans.

Lifespan (days)

No. of .
No. | Author Culture conditions Gene tested
worms used Mean Median Max
N2¢ 189+0.4
fir-4(n2259) 117.6 £0.4
rde-1(ne219)V 114.0 £0.3
rde-1;kzIs9 115.6 £0.3
rde-1;kzIs20 114.8+£0.3
rde-1;kbls7 114.6+0.3
sid-1(pk3321) V 118.8+0.4
sid-1;uls69 V 118.8+0.5
tir-1(tm3036) 117.7+£0.4
unc-43(e408) 116.3+0.6
nsy-1(ag3) 1149+0.2
20°C nsy-1(0k593) 117.4+0.5
1 [26] 90 *NGM sek-1(km4) 117.7+0.3
E. coli OP50
pmk-1(km25) 116.9+0.4
pmk-3(ok169) 116.5+0.6
nhr-8(ok186) 113.9+0.4
daf-2(e1370) 1414 1.1
daf-16(mgdf50) 115.2+04
smg-1(cc546) 125.9+0.9
smg-1;pha-4(zu225) 125.9+£0.5
rri-3(pk1426) 119.9+0.3
rrf-3;eat-2(ad1116) 130.5+0.5
glp-1(e2141) 118.7+0.4
gld-1(op236) 115.7+0.9
glp-4(bn2ts) 116.4+0.3
N2: 12.9
25°C
2 [48] 20-30 *NGM GPA-12 16.2
E. coli OP50
ins-11; GPA-12 17.2
20°C N2¢ 28.0
*NGM
E. coli OP50 gtbp-1(ax2029) 122.0
3 [49] 35-60
25°C N2: 18.0
*NGM
E. coli OP50 gtbp-1(ax2029) 120.0
N2¢ 29.0
20°C
4 [37] 90 *NGM sek-1(km4) 121.0
E. coli OP50
skn-1(zul35) 123.0
N2: 19.3+£0.2 19.0
%O"CM atfs-1(tm4525) 19.6 £0.2 19.0
E. coli OP50 atfs-1;gcn-2(0k871) 118.9+£0.2 19.0
atfs-1(gk3094) 119.4 + 0.4 120.0
N2¢ 1154+£0.2 115.0
daf-16(mu86) 112.9+0.1 113.0
aak-2(ok524) 1143 +£0.1 114.0
glp-1(e2141) 118.1+0.1 113.0
5 [36] 45-680 hif-1(ia4) 117.1+£0.2 116.0
550¢ jnk-1(gk7) 117.0+£0.1 117.0
*NGM kgb-1(um3 13.1£0.1 12.0
E. coli OP50 gb-L(ums3) ! !
pmk-1(km25) 1143 +£0.1 114.0
nsy-1(ag3) 1149+0.1 115.0
nhr-49(nr2041) 111.5+0.1 111.0
hlh-30(tm1978) 1129+0.1 113.0
fmo-2(0k2147) 118.0+0.2 117.0
peft-3p::fmo-2 118.2+0.1 118.0
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N2 20.5+0.5
20°C memo-1(gk345) 122.1+0.4
6 [38] 100 *NGM
E. coli OP50 1rf-3(pk 1426) 118.1+0.4
skn-1(zu67) 116.4+0.4
N2¢ 177+ 1.4
20°C
7 [27] 30-40 *NGM daf-2(e1370) 1319 +2.7
E. coli OP50
daf-16 (mu86) 1157412
N2 25.8
pmk-3(0k169) 125.9
20°C isp-1(qm150) 319
8 351 |60 *NGM Ll !
E. coli OP50 nuo-6(qm200) 135.3
clk-1(qm30) 124.1
tpk-1(qm162) 138.5
N2¢ 25.040.40 26.0
ero-1 129.6 + 0.45 130.0
20°C ire-1(0k799) 116.1+0.24 117.0
9 [44] 195-245 *NGM _
E. coli OP50 ire-1;ero-1 115.5+0.28 114.0
sek-1(km4) 12424036 123.0
sek-1;ero-1 1223 +0.33 123.0
N2 1424 +0.77
pmk-1 (km25) 114.49+0.79
sek-1 (kmd) 112.24+0.71
mek-1 (ks54) 111.18+0.78
Jeoc dbl-1 (nk3) 111.87+0.69
10 |28 15 *NGM daf-2 (e1370) 131.42+1.82
E. coli OP50
daf-12 (m20) 114.33+0.79
ink-1 (gk7) 113.5620.69
daf-16 (mu86) 111.81%0.55
skn-1 (zu67) 112.85+0.68
daf-7 (0k3125 118.57+1.33
N2 163+5.4
daf-16 (mgDf50) 1117 +4.9
daf-2 (e1368) 17.7£3.9
skn-1 (zu67) 1129422
20°C
1 o |40 *NGM skn-1 (zul35) 115.6+4.7
E. coli OP50
nsy-1 (ag3) 116.0+4.7
sek-1(km 4) 112.8+5.8
pmk-1(km25) 113.8+5.2
tir-1 (0k1052) 1119443
N2 18.0
25°C mir-251(n4606) 18.0
12 |50 |60 *NGM
E. coli OP50 mir-252(n4570) 18.0
mir-360(n4635) 120.0
. 23.00 +
N2 17.56+0.66 5%
pmk-1(km25) 114.000.55 120,00+
skn- 22.00 +
25°C 1(zu67) 116.00+0.54 R
13 |30] 35 *NGM
E. coli OP50 daf-16(mus6) 120.000.43 124.00 +
daf-2(e1370) 128.00+2.90 138.00 +
mev-1(kn1) 114.00+0.52 12300+
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E. coli OP50

N2 18.2+£0.5
kgb-1(km21) 1152+1.2
kgb-2(km16) 19.2+14
jnk-1(gk7) 1177418
mek-1(ks54) 116.0+1.0
mlk-1(km19) 1185+ 1.1
nsy-1(ky400 19.2 +0.7
20°C y-1(ky400) 1
14 | [134] 100 *NGM mtk-1(km14) 119.1£0.5
E. coli OP50
mlk-1;nsy-1 118.6 £ 0.4
pmk-1(km25) 116.8+0.4
pmk-2(km37) 19,5+ 1.1
pmk-3(ok169) 118.7+£1.3
jun-1(gk577) 19.4+0.2
daf-16(mu86) 1153+04
daf-16;kgb-1 112.1+0.7
N2: 16.0
pmk-1 (km25) 118.0
skn-1 (zu67) 119.0
vhp-1 (sa366) 112.0
25°C tol-1 (nr2033) 121.0
15 [31] 35 *NGM
E. coli OP50 tir-1 (0k1052) 125.0
daf-16 (mu86) 114.0
daf-2 (e1370) 128.0
jnk-1 (gk-7) 120.0
aak-2 (0k524) 118.0
N2 11.8+0.95 12.0
daf-16(mgDf50) 18.7+1.13 19.0
daf-2(e1370) 126.7 £ 1.7 127.0
5500 age-1(hx546) 128.5+14 128.0
16 [32] 30 *NGM osr-1(rml) 110.5+0.9 110.0
E. coli OP50
unc-43(n1186) 114.0 £ 1.0 114.0
sek-1(agl) 12.5+1.0 112.5
jnk-1(gk7) 110.8 £ 0.05 111.0
sir-2.1(ok434) 113.0+1.9 113.0
N2: 19.0
daf-16(mu86 10.0
250 ( ) !
17 [39] 60 *NGM daf-16(mgdf50) 111.0
E. coli OP50
dbl-1(nk3) 116.0
pmk-1(km25) 116.0
N2: 142+0.1
25°C
18 [51] 100-120 *NGM egl-30(n686) 115.5+£0.2
E. coli OP50
egl-8(n488) 115.2+£0.1
N2¢ 10.0
daf-16(mu86) 18.0
SseC mes-1(bn7) X Sterile 118.0
19 [40] 60 *NGM daf-16(mu86) I; mes- 18.0
E. coli OP50 1(bn7) X Sterile :
glp-1(e2141) III 118.0
daf-16(mu86) I; glp-
1(e214(1) )L glp 18.0
N2¢ 30.0
daf-16(mgDf50 15.0
S0°C (mgDf50) l
*NGM skn-1(zu67) 117.0
E. coli OP50
20 [33] 30 skn-1(zul35) 121.0
daf-2(e1370) 158.0
25°C
*NGM glp-4(bn2ts) 115.0
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20°C
21 [52] 30 -50 *NGM
E. coli OP50

43
N2# 20.0
wdr-23(tm1817) 124.0
nuo-6(qm200) 135.3
clk-1(qm30) 124.1
tpk-1(qm162) 138.5

*NGM = Nematode Growth Medium, a = control, 1= increased compared to control, |= decreased compared to control.

Genes that increase lifespan are bolded.

DISCUSSION

C. elegans uses bacteria as its source of food thus
is continuously exposed to infections. Although usually
Escherichia coli (E.coli) and Bacillus subtilis are not toxic
to C. elegans [41], there are evidences to suggests that
accumulation of E. coli within the intestinal lumen during
aging is a cause of death in older animals. C. elegans
propagated on killed or non-dividing E. coli was found to
live longer than animals propagated on live E. coli [12, 13,
42]. C. elegans relies only on its immune defence system
to protect itself from pathogens. Study done by Ermolaeva
et al. 2014 [1] showed that p38 MAPK-related signalling
pathway played an important role in anti-microbial defence
in C. elegans. The p38-MAPK pathway consists of neuronal
symmetry family member 1 (nsy-I), SAPK/ERK kinase 1
(sek-1) and p38 MAPK family member 1 (pmk-1) [22, 43].

During aging in C. elegans, intestinal tissue deterioration
and increased bacteria proliferation were observed in
the intestine of C. elegans [11]. The worms were more
susceptible to bacterial infection due to diminished PMK-1
p38 mitogen-activated protein kinase (p38 MAPK) activity
which occur with aging [11].

There are three mechanisms of defences of C. elegans
identified were avoidance behaviour [8], physical barrier
[9] and inducible signalling pathways [10]. As shown in the
studies, mutants of sek-1, skn-1, pmk-1, pmk-3, tir-1 and nsy-
1 have shorter lifespan [26, 28-30, 33, 34, 36-39, 44]. This
was probably due to the linear phosphorylation cascades
function in p38-MAPK pathway. The nsy-1 activation
phosphorylated sek-1, sek-1 phosphorylated pmk-1 and
pmk-1 phosphorylated skn-1, which were responsible for
the expression of collagen and extracellular matrix (ECM)
genes in C. elegans. Hence, mutation of these genes may
weaken the physical barrier of C. elegans that resulted in
increased risk of infection and shortened lifespan.

Variable results of lifespan could be observed when
different strains were used (refer Table 1) as seen in the study
on nsy-1 mutants when different strains were used [34].
This was probably because different strains have mutations
at different location in a gene involved. According to
Caenorhabditis elegans Genetic Center (CGC), nsy-1(ag3)
mutant strain has an enhanced susceptibility to pathogens
compared to nsy-1(ok593) mutant strain. Mutant strain
nsy-1(0k593) is a superficial wild type which means it is
similar to wild type strain. While nsy-1(ky397) mutants have
improved avoidance behaviour in C. elegans. Avoidance
behaviour in C. elegans is an important mechanism that
allows the nematodes to recognise pathogens and avoid
them. Previous study has shown that TOL-1 was responsible
for the stimulation of avoidance behaviour in C. elegans [45,
46] by triggering intracellular TIR-domain adapter protein
(TIR-1), which acted on the upstream of a p38-MAPK [47].

Activation of immune function in C. elegans is
associated with stress resistance. Gene expression analyses
suggested that PMK-1 and DAF-16 worked in parallel

downstream of daf-2 inactivation to mediate defence against
pathogen [18]. Daf-16 mutants exhibited similar lifespan to
wild type as pathogen resistance and longevity are dependent
on DAF-16 transcription factor that promotes cytoplasm-
to-nucleus translocation, leading to longevity. Besides
pathogen resistance, longevity could also be contributed by
caloric restriction. This is supported by a study that found an
increased lifespan in r7f-3,eat-2(ad1116) double mutant as
compared to a single mutant r7f-3(pk1426) [26].

CONCLUSION

The documented evidence in this review suggested
that p38-MAPK pathway genes increased longevity by
improving the immune defence of C. elegans.
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