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Abstract

Introduction: Atopic dermatitis (AD) primarily arises from skin barrier dysfunction. Emollients serve as a primary management mo-
dality for AD patients. They can enhance skin barrier function through multiple mechanisms. However, previous research has not
established definitive conclusions about their effectiveness or ideal usage duration. This study systematically analyzes emollients’
actual barrier-repairing effects by synthesizing current evidence.

Methods: We screened 14 relevant studies from four databases: PubMed, Embase, Web of Science, and Cochrane Library. Ten of
these human randomized controlled trials were included in the meta-analysis, which mainly examined the effects of emollients
on transepidermal water loss (TEWL), skin hydration (capacitance value), and skin acidity (pH). We further compared the effects of
different application times on TEWL in subgroups. Data were analyzed using Review Manager 5.4, and the results are expressed as
effect estimates with 95% confidence intervals (Cls).

Results: The TEWL values of AD patients using emollients were significantly lower than those of the control group, with statistical
significance at 2 weeks and 4 weeks of continuous use. Skin capacitance values were significantly higher in the emollient group
than in the control group, and there was no significant difference in skin pH between the two groups of patients.

Conclusions: The combined data suggest that emollients can reduce TEWL values and improve skin hydration in patients with AD,
with statistically significant effects observed after 2 weeks and 4 weeks of continuous use. However, the improvement of skin pH
by emollients has not been confirmed, and the efficacy of use for 26 weeks remains inconclusive due to limited evidence. More

research is needed to explore this in the future.
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Introduction

Atopic dermatitis (AD) is a prevalent chronic inflammatory skin
disease, showing a rising global incidence. Epidemiologic studies
indicate that AD prevalence in developed countries reaches up to
15% to 30% (1). Although AD predominantly affects infants and
young children, chronic cases often involve recurrent flare-ups
lacking remission periods, with eczematous lesions frequently
persisting into adulthood (2, 3). AD pathogenesis arises from the
interplay of genetic predisposition, immune dysregulation, skin
barrier dysfunction, and environmental triggers. Collectively,
these mechanisms drive the chronic inflammation and recur-
rent exacerbations central to AD pathophysiology (4). Current AD
management prioritizes skin barrier restoration, pruritus control,
and inflammation mitigation (5, 6). Restoring skin barrier func-
tion is a cornerstone of AD management because it is essential
for maintaining cutaneous homeostasis, minimizing transepider-
mal water loss (TEWL), and defending against exogenous irritants
and allergens (7). AD is marked by a compromised skin barrier,
which is demonstrated by increased TEWL, lower hydration lev-
els in the stratum corneum, and an altered lipid composition (8,
9). It is important to note that in patients with AD the synthesis
of intercellular lipids, especially ceramides, cholesterol, and free
fatty acids (FFAs), occurs in lower amounts and presents irregu-
lar molar ratios (10). In healthy skin, these lipids assemble into
multilayered membrane structures at an equimolar ratio (1:1:1),
constituting the “mortar” in the “brick-and-mortar” model, which
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ensures epidermal barrier integrity and optimal hydration (11).
Topical formulations containing ceramide-, cholesterol-, and
FFA-mimetic lipids aim to correct these deficiencies, thereby
restoring barrier function and mitigating AD flare severity (12).
Emollients are foundational therapies in AD management, exert-
ing clinically significant, multifunctional effects on skin barrier
restoration (13). Emollients address the characteristic lipid defi-
ciencies in AD skin—such as reduced or imbalanced ceramides,
fatty acids, and cholesterol—by replenishing these components,
thereby repairing stratum corneum integrity, improving water
retention, and reducing TEWL. For instance, Kawana et al. (14)
demonstrated that emollients containing ceramides structurally
and functionally emulate natural ceramides, occupying intercel-
lular spaces within the stratum corneum to restore barrier com-
pactness. A meta-analysis revealed that the introduction of emol-
lients at an early stage notably decreases the occurrence of AD in
infants (15). However, there is no clear evidence-grade research to
support the use of emollients as primary care for patients with AD
over 2 years old. Recent improvements in non-invasive methods
allow for accurate evaluation of skin barrier function, mainly by
measuring stratum corneum moisture levels and TEWL (16). A key
pathophysiological feature of AD is elevated skin surface pH (ris-
ing from the healthy range of 4.1-5.8 to 7.0-8.0), which disrupts
barrier function and enzymatic activity. Consequently, emollient
formulation pH has emerged as a critical therapeutic consid-
eration. Emollients formulated with pH-adjusted compositions
(4.0-5.5), acidic components, and physiological lipid ratios may
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synergistically enhance barrier repair; however, optimizing sus-
tained buffering systems and personalized pH-adaptive regimens
requires further investigation (17). Considerable heterogeneity
persists across current evidence regarding emollient efficacy in
restoring skin barrier function among patients with AD. Vari-
ability in emollient types, compositions, and formulations likely
contributes to inconsistent clinical efficacy, and the optimal dura-
tion of emollient use for skin barrier repair in mild-to-moderate
AD remains undefined. Differences in methodology—such as
study design, sample size, measures of outcomes, and length of
follow-up—add to the complexity of interpreting the results. A
comprehensive review and meta-analysis of the current evidence
has thus become imperative to integrate the effects of emollients
on skin barrier impairment related to AD. This process has estab-
lished evidence-based clinical recommendations while having
guided the development of tailored emollient strategies that have
demonstrated enhanced skin barrier recovery and have contrib-
uted to improved long-term patient outcomes.

Methods

This study was pre-registered in the PROSPERO database
(CRD42024575950) and prepared following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (18).

Search strategy

To conduct a thorough systematic search of the literature, both
controlled vocabulary and free text terms, along with the Boolean
operators “AND” and “OR,” were utilized. The following text
words were searched for, appearing in all fields of the article:
(“Emollient” OR “Emollients” OR “Moisturizer” OR “moistener”)
AND (“atopic dermatitis” OR “Dermatitis, Atopic” OR “Atopic Der-
matitis”). Four databases—PubMed, Embase, Web of Science, and
Cochrane Library—were searched without time limit. The search
methods are described in full in Table Si. Only English rand-
omized controlled trials (RCTs) were selected for this article.

Eligibility criteria

A study was deemed eligible if it satisfied all the following criteria
for inclusion: 1) it was a full-length article published in a peer-re-
viewed journal, 2) the research involved patients diagnosed with
mild to moderate AD aged 2 years or older, 3) it assessed factors
linked to skin barrier function, including TEWL along with other
endpoint indicators, 4) the product investigated had to comprise
emollient components, and 5) it presented relevant qualitative or
quantitative data concerning skin barrier function both prior to
and following treatment.

Conversely, a study was excluded if it fulfilled one or more of
the criteria for exclusion: 1) it was published in a non-peer-re-
viewed outlet (such as a website or non-peer-reviewed journal),
2) it appeared solely in abstract form, 3) the research involved
animal models or cell lines, 4) it utilized other topical treatments
alongside emollients as part of the therapeutic approach, 5) it was
categorized as a secondary study (including narrative reviews,
systematic reviews, meta-analyses, conference notes, etc.), 6) it
focused on diseases not associated with AD, 7) it was identified
as a duplicate publication, or 8) study participants were younger
than 2 years of age.
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Study selection

Two reviewers, Q. Y. and W. Z., evaluated the titles and abstracts
independently. When the studies potentially met the inclusion cri-
teria, full texts were imported into Endnote (version 21, Clarivate
Analytics, Philadelphia, PA, USA). Subsequently, Q. Y. and W. Z.
independently examined these full texts and assessed them based
on the previously mentioned criteria to determine final eligibility.

Data extraction

The following data were extracted: authors’ names and year of
publication, study population (age, sex, and country), diagnostic
criteria for AD, products and sites tested, number and form of peo-
ple in each group (intervention or control), duration of the study
in days, and transcription of the main endpoints, measuring in-
struments, and the presence or absence of adverse events into a
table. Data that were captured included baseline and endpoint
measurements (means) along with their variability measured by
standard deviation (SD), or standard error of the mean (SEM),
which were obtained using the GetData Graph Digitizer (version
2.26, GetData Graph Digitizer, Moscow, Russia) (19) because most
publications present the results in an image. These values were
transcribed into an Excel spreadsheet (Microsoft Corporation,
Redmond, WA, USA) capturing the following outcomes: TEWL,
skin capacitance values, and skin surface pH. Values were ob-
tained at various duration points because certain chosen studies
conducted endpoint measurements at multiple crucial intervals
throughout the study period. Throughout the process of gather-
ing data, we sought the input of fellow researchers to address and
find solutions to any problems that emerged.

Quality assessment

The quality of the methodology in the studies was evaluated us-
ing the risk of bias (RoB) system from the Cochrane Collaboration
(20), which encompasses seven elements: generation of random
sequences, concealment of allocation, blinding of both subjects
and personnel, blinding in outcome assessment, handling of
incomplete outcome data, selective reporting, and additional bi-
ases. According to the standards set forth in the Cochrane Hand-
book, there are three assessment options: green indicates a low
risk of bias, yellow represents an unclear risk of bias, and red sig-
nifies a high risk of bias (20).

Statistical analysis

Studies that were RCTs were categorized based on the similarities
of outcomes associated with skin barrier function. A meta-analy-
sis was conducted separately for each category utilizing Review
Manager 5.4 (Nordic Cochrane Centre, Copenhagen, Denmark)
(21). For the statistical evaluations, a random effects model was
employed to compute both the mean and the SD for continuous
variables. The mean was established by calculating the difference
between the endpoint value and the baseline value. In cases in
which the RCTs provided SDs for both the baseline and endpoint
in both the intervention and control groups, the SD of the change
in relation to the baseline was derived using the following for-
mula:

SDL‘hange = \/ SD;,
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Evaluation of heterogeneity

The heterogeneity statistics were calculated for each graph’s leg-
end using a forest plot. The I2 index reflects the level of variation
in effect sizes attributed to heterogeneity instead of sampling error
within the overall variability among the studies. For instance, a 0%
I2 value signifies that the entire variation in effect sizes identified
is caused by sampling error, whereas a 100% I? indicates that all
observed variations are due to true effect variability. Typically, I2
values are classified as low (0%-25%), moderate (25%-50%), high
(50%—75%), and very high (75%-100%) heterogeneity (24, 25).

Results
Identification of studies

The literature search revealed a total of 1,546 records, as illus-
trated in Figure 1. Among these, 230 were identified by PubMed,
382 by Embase, 644 by Cochrane Library, and 290 by Web of Sci-
ence. A total of 258 duplicates were removed from the 1,546 re-
cords, leaving 1,288 records for title and abstract screening. After

screening titles and abstracts, 1,109 items unrelated to the topic—
comprising reviews, systematic evaluations, meta-analyses, con-
ference proceedings, and non-human studies—were eliminated.
Consequently, 179 records remained that were deemed potentially
relevant, and their full texts were reviewed for eligibility. Ulti-
mately, 165 articles were excluded based on the criteria detailed in
Figure 1, leading to the inclusion of 14 full-text publications from
the initial 179.

Risk of bias within studies

The risk of bias assessment across the 14 included studies is sum-
marized in Figure 2a (percentage across all studies) and Figure 2b
(judgment for each individual study). Random sequence genera-
tion: seven studies (50%) were judged as low risk and seven (50%)
as unclear risk. Allocation concealment: seven studies (50%) were
judged as low risk and seven (50%) as unclear risk. Blinding of
participants and personnel: three studies (21%) were judged as
low risk and 11 (79%) as unclear risk. Blinding of outcome assess-
ment: 13 studies (93%) were judged as low risk and one study (7%)
as unclear risk. Incomplete outcome data: all 14 studies (100%)
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Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram for systematic reviews that included searches of
databases and registers only.
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were judged as low risk. Selective reporting: all 14 studies (100%) Research features

were judged as low risk. Other bias: all 14 studies (100%) were

judged as unclear risk. No study was judged as high risk of bias Table 1 summarizes the main characteristics of the 14 clinical
in any domain. studies. Eight of these studies included AD patients with Hani-
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Figure 2 | a) Risk of bias graph: review authors’ judgements about each risk of bias item presented as percentages across all studies. Domains: ran-
dom sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blind-
ing of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias), other bias. Classification:
low risk of bias, unclear risk of bias, high risk of bias. b) Risk of bias summary: review authors’ judgements about each risk of bias domain for each study.
+ = low risk of bias, ? = unclear risk of bias, — = high risk of bias.
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fin and Rajka’s diagnostic criteria, and Angelova-Fischer et al.
(26) and Andrew et al. (27) included volunteers with UK working
party diagnostic criteria. The studies were conducted in various
countries, including Sweden, the United States, the UK, Germany,
and South Korea. Three studies tested products containing urea
ingredients (28-30); Kircik et al. (31) and Danby et al. (32) tested
hydrogel or lotion emollients, respectively; and six studies tested
specific emollients such as Cetaphil® Restoraderm® Body Mois-
turizer (CRM), emollients containing Lactobacillus sakei proBio
65, KAM-3008 cream, and so on. The frequency of emollient use
by the experimental group was twice a day in all 14 studies, and
the dosage could not be derived from precise data due to geo-
graphic, environmental, and personal factors. The duration of
the test ranged from 1 to 8 weeks, and most of the studies per-
formed measurements on forearm skin. The study by Danby et al.
(32) conducted two sets of clinical trials providing values of skin
barrier measurements in patients with AD applying diprobase
cream or diprobase gel, and this was considered two different sets
of data extracted from the study. The experiments by Danby et
al. (30) tested three emollients (glycerin cream, paraffin cream,
and urea glycerin cream) and were considered three different sets
of data. Most of the experiments ranged in duration from 4 to 8
weeks, and TEWL values were extracted for subgroup analyses at
different key time points.

Transepidermal water loss

Figure 3a shows a forest plot of the meta-analysis of TEWL
values for the nine studies. For this outcome, the use of
emollients resulted in a statistically significant reduc-
tion in TEWL with low heterogeneity (I2 = 18%, Z = 339, p =
0.0007, standardized mean difference [SMD] = -0.27, 95%
CI = -0.43, —0.12).

Figure 3b shows a forest plot of skin TEWL values after differ-
ent time cycles of emollient use in nine studies. Three of these
provided data on TEWL values after 1 week of emollient use
(Z=0.48, p = 0.63), with moderate heterogeneity (I? = 37%, SMD =
0.08, 95% CI = -0.24, 0.40). Three studies provided data on TEWL
values after 2 weeks of emollient use (Z = 2.89, p = 0.004), with
moderate heterogeneity (12 = 55%, SMD = -0.52, 95% CI = -0.88,
-0.17). Nine studies provided data on TEWL values after 4 weeks
of emollient use (Z = 2.92, p = 0.004), with low heterogeneity (I2 =
22%, SMD = -0.25, 95% CI = —0.42, —0.08). Two studies provided
data on TEWL values for > 6 weeks of use (Z = 1.71, p = 0.09), with
low heterogeneity (I2 = 0%, SMD = -0.32, 95% CI = -0.69, 0.05).

Skin hydration

In five studies assessing skin capacitance values between treat-
ment and control groups, the use of emollients significantly im-
proved skin capacitance results as shown in Figure 4a (SMD =
0.55, 95% CI = 0.2, 0.89, Z = 3.11, p = 0.002), with moderate het-
erogeneity (I2 = 61%). After performing a sensitivity analysis (as
shown in Fig. 4b) and removing one comparison arm (diprobase
gel formulation) from the study by Danby et al. (32), the results
showed lower heterogeneity (I? = 12%), with a statistically signifi-
cant effect remaining (SMD = 0.43, 95% CI = 0.20, 0.67, Z = 3.61,
p = 0.0003).

Skin surface pH

In studies assessing skin pH (shown in Fig. 5), no significant dif-
ferences were found in skin surface pH between the treatment and
control groups (Z = 0.27, p = 0.79), with moderate heterogeneity
(2 = 52%, SMD = -0.04, 95% CI = —0.34, 0.26). No significant dif-
ferences were observed after sensitivity analyses, which may be
due to differences in measurement equipment and the relatively
low variability of skin pH, which is more difficult to measure ac-
curately.

Discussion
Transepidermal water loss

The meta-analysis of TEWL values included nine studies using dif-
ferent types of emollients, and the results showed that emollients
significantly reduced TEWL values in AD patients (SMD = —0.27,
95% CI = —0.43, —0.12), which indicates favorable recovery of skin
physiological function. Subgroup analyses were performed based
on the duration of emollient use: pooled data from three studies
showed no statistically significant difference and a small total
effect size after 1 week of emollient use; three studies provided
TEWL values after 2 weeks of emollient use, with statistically sig-
nificant results (SMD = -0.52, 95% CI = -0.88, —0.17); and nine
studies provided data on TEWL values after 4 weeks of emollient
use, with statistically significant differences (SMD = —0.25, 95%
CI = —0.42, —0.08). Two studies provided data on TEWL values for
>6 weeks of use (SMD = -0.32, 95% CI = —-0.69, 0.05), but, due to
the small number of studies, the results may be false positive.

It can be inferred that continuous use of emollients for 2 to 4
weeks in patients with mild-to-moderate AD significantly reduces
TEWL values, whereas studies with >6 weeks of use did not show
statistical significance, likely due to insufficient sample sizes and
the limited number of studies. TEWL is the gold-standard objective
measure for assessing skin barrier integrity (33), quantifying the
stratum corneum’s capacity to retain water. Barrier dysfunction
disrupts the lipid bilayer’s continuity (e.g., ceramides and cho-
lesterol), thereby elevating TEWL. In patients with AD, TEWL val-
ues may exceed 20 g/m2/h (34), correlating directly with reduced
natural moisturizing factor (NMF) levels caused by filaggrin (FLG)
mutations (35). TEWL values are elevated in patients with AD
compared to healthy individuals. The deficiency of FLG-derived
amino acid metabolites, which maintain stratum corneum hydra-
tion and enhance barrier integrity by reducing intercellular gaps,
renders elevated TEWL a biomarker for early-stage AD. However,
TEWL measurements are influenced by ambient temperature, hu-
midity, instrumentation (e.g., discrepancies of up to 15% between
closed-chamber probes such as the VapoMeter and open-chamber
devices such as the SkinTes), and physiological variability. A me-
ta-analysis by Akdeniz et al. (36) identified substantial heteroge-
neity in TEWL reference values for healthy adults (e.g., 12-18 g/
m2/h on the forehead) and highlighted the need for standardized
measurement protocols.

Nevertheless, the limited number of studies necessitates fur-
ther research incorporating time-dependent analyses as a pri-
mary focus. The molecular mechanism underlying the efficacy of
prolonged emollient use likely involves two sequential phases: 1)
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emollient-supplemented ceramides must first penetrate the stra-
tum corneum and reorganize residual natural lipids into a lamellar
structure (approximately 7-14 days), and 2) subsequent activation
of the peroxisome proliferator-activated receptor (PPAR) signaling
pathway upregulates lipid-synthesizing gene expression (2128
days post-application), culminating in sustained barrier function
improvement (37). Second, prolonged emollient use in AD pa-
tients exerts delayed immunomodulatory effects because the Th2-
dominant immune response characteristic of AD forms a vicious
cycle with barrier dysfunction. Barrier restoration by emollients
mitigates pathogen-associated molecular pattern (PAMP) penetra-
tion, thereby suppressing alarmins such as thymic stromal lym-
phopoietin (TSLP) (38). This process involves phenotypic modula-
tion of Langerhans cells, which suppress T-cell activation through
time-dependent cumulative mechanisms. In conclusion, although
prolonged emollient use (> 2 weeks) significantly reduces TEWL in

AD patients, heterogeneity in emollient formulations, dosage regi-
mens, and the absence of RCTs evaluating > 6-week applications
underscore the necessity for standardized clinical trials to establish
stepwise efficacy thresholds for optimizing emollient therapy in AD.

Skin hydration

In the evaluation of skin capacitance values, the pooled results
showed a statistically significant improvement in the emollient
group compared with the control group (SMD = 0.55, 95% CI = 0.2,
0.89, p = 0.002), with moderate heterogeneity. After sensitivity
analysis excluding the Diprobase gel arm from Danby et al. (32),
heterogeneity decreased to a low level (I> = 12%), and the effect
remained statistically significant (SMD = 0.43, 95% CI = 0.20, 0.67,
p =0.0003). Skin capacitance is a secondary metric for evaluating
skin barrier integrity, widely utilized to assess hydration status.
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Figure 3 | a) Forest plot of meta-analysis for TEWL values in the studies. Comparison: emollient intervention vs. control group, outcome: TEWL change from base-
line, effect model: random effects model. b) Forest plot of subgroup analysis for TEWL values by different intervention durations. Subgroups: 1 week, 2 weeks, 4
weeks, = 6 weeks of emollient use; comparison: emollient intervention vs. control group; effect model: random effects model.

SMD = standardized mean difference. TEWL = transepidermal water loss, Cl = confidence interval.
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Emollients and skin barrier function in atopic dermatitis

Measurements rely on the skin’s electrical properties, particularly
variations in dielectric constant and conductive pathway den-
sity. Elevated moisture levels correlate with increased dielectric
constants and conductive pathway density, thereby reducing im-
pedance (39). Park et al. (40) demonstrated that emollients con-
taining lactobacilli extend capacitance value improvements by
modulating the microbiome-immune axis.

Second, exogenous factors—including surfactants, detergents,
hard water, Staphylococcus aureus colonization, and concur-
rent moisturizer use—may confound capacitance measurements.
The CM825 Corneometer (CK Electronic, Cologne, Germany) was
employed in most studies, with moisturizers applied twice daily.
However, heterogeneous application sites, lack of standardized
cleansing protocols, and short study durations across geographi-
cally diverse cohorts introduced variability. Uncontrolled environ-
mental exposures during these studies likely acted as confounding
variables, compromising the validity of emollient efficacy conclu-
sions in this meta-analysis. In addition, differences in emollient
composition affect efficacy. Andrew et al. (27) demonstrated that
formulations containing ceramides and lactates simultaneously
elevated capacitance values and reduced skin pH, whereas oc-
clusive agents alone (e.g., petroleum jelly) provided only transient
TEWL improvement. This divergence suggests that capacitance
changes reflect not only hydration but also dynamic lipid metabol-
ic activity and structural protein regulation. Transient capacitance
elevations correlate with short-term hydration, whereas complete
barrier restoration necessitates multifaceted interventions.

Std. Mean Difference

Skin surface pH

The meta-analysis revealed no significant differences in skin sur-
face pH between treatment and control groups, potentially attrib-
utable to variability in the pH of products tested across studies
and formulation complexity. Furthermore, pH may lack the sensi-
tivity required to detect subtle physiological changes under these
experimental conditions. Although emollients are first-line thera-
pies for enhancing barrier function in AD patients, their impact
on skin surface pH remains debated. This meta-analysis found no
significant alteration in skin pH following emollient use, yet bar-
rier function improved, suggesting that pH-independent molecu-
lar mechanisms underlie their efficacy.

Healthy skin surface pH is optimally maintained within a
weakly acidic range (4.0-5.5), a microenvironment essential for
barrier homeostasis. An acidic microenvironment enhances stra-
tum corneum integrity by activating B-glucocerebrosidase and
acidic sphingomyelinase, enzymes that facilitate ceramide syn-
thesis and lipid matrix organization (41, 42). In patients with AD,
lesion site pH frequently exceeds 6.0, activating serine proteases
(e.g., kallikrein 5/7), disrupting the stratified organization of stra-
tum corneum lipids, and triggering Th2-dominant inflammation
(43). Notably, some emollients—even without significantly lower-
ing pH—directly restore the lipid barrier through replenishment
of physiological lipids (e.g., ceramides, cholesterol, and free fatty
acids) (37). Loden et al. (28) demonstrated that emollients con-
taining urea, although they do not significantly modulate pH,

Std. Mean Difference
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—

-0.06 [-0.71, 0.59)
0.65(0.20,1.11]
0.70(0.25,1.16]
0.40-0.21,1.01] .
0.14 [-0.39, 0.66] —
0.46 [0.19,1.10) =
1.71(0.93,2.49)

¢ AT
|

0.55 [0.20, 0.89]

" I
t 1 T

-4 - 0 4
Test for overall effect: Z= 3.1 (P = 0.002) Favours [experimental] Favours [control] A
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV. Random, 95% CI IV, Random, 95% CI
I Angelova-Fischer 2014 27.44 1442 18 2838 1672 18 11.8% -0.06 [-0.71, 0.59] I
J.R.Zhu,2023 (1) 67.2 2146 42 527 2243 38 227% 0.65[0.20,1.11] .
J.R.Zhu,2023 (2) 69.4 2452 42 527 2243 38 225% 0.70[0.25,1.16] —
P.V. Andlrew 2024 4097 759 21 3801 685 21 133% 0.40[0.21,1.01] T
S.B. Park 2014 39.3 32.81 28 346 3387 28 175% 0.14 [-0.39, 0.66] 1T
S.G. Danby 2016 (1) 403 7.1 19 385 872 19 121% 046 [-0.19,1.10] T
S.G.Danby 2016 (2) 445 976 18 275 967 18 00% 1.71[0.93, 2.49]
Total (95% CI) 170 162 100.0% 0.43[0.20, 0.67] L 4
Heterogeneity: Tau®= 0.01; Chi* = 5.68, df= 5 (P = 0.34); F= 12% B + 2 4
Testfor overall effect: Z= 3.6 (P = 0.0003) Favours [experimental] Favours [control] B

Figure 4 | a) Forest plot of meta-analysis for skin capacitance values in the studies. Comparison: emollient intervention vs. control group, outcome: skin hydration
(capacitance) change from baseline, effect model: random effects model. b) Forest plot of sensitivity analysis for skin capacitance values after excluding the study
by Danby et al. (32). Comparison: emollient intervention vs. control group, outcome: skin hydration (capacitance) change from baseline, effect model: random

effects model.

TEWL = transepidermal water loss, SMD = standardized mean difference, Cl = confidence interval.

Experimental Control

Study or Subgrou Mean SD Total Mean
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S.W. Goh 2020 504 078 36 502 07 36 186%
Total (95% CI) 188 190 100.0%

Heterogeneity: Tau®=0.07; Chi*=10.32, df=5 (P = 0.07); F=52%
Testfor overall effect Z=0.27 (P=0.79)
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Figure 5 | Forest plot of meta-analysis for skin surface pH values in the studies. Comparison: emollient intervention vs. control group, outcome: skin surface pH

change from baseline, effect model: random effects model.
SMD = standardized mean difference, Cl = confidence interval.
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markedly reduced irritant sensitivity in AD patients via enhanced
hydration and reduced TEWL. This implies that emollients cir-
cumvent pH-dependent repair mechanisms through lipid restora-
tion and anti-inflammatory activity.

Acidic emollients, however, may restore barrier integrity and
lipid synthesis by reestablishing the skin’s physiological acidic
milieu, inhibiting serine proteases (e.g., kallikrein 5), attenuating
desquamation, and modulating lipid-processing enzymes (e.g.,
acidic sphingomyelinas and B-glucocerebrosidase) (44). Emerg-
ing evidence underscores that emollient pH critically influences
barrier restoration and lipid formation in AD patients. Neutral-pH
emollients (e.g., petroleum jelly or mineral oil) primarily exert oc-
clusive effects rather than actively modulating the skin’s micro-
environment. Although these formulations transiently mitigate
transepidermal water loss, their long-term efficacy is constrained
by failure to address pH-dependent enzymatic dysregulation. An-
drew et al. (27) reported that acidic emollients containing zinc
lactobionate upregulated antimicrobial peptide expression (e.g.,
human B-defensin-2) via acidic microenvironment restoration, a
benefit absent in pH-neutral counterparts. In summary, pH is a sin-
gle facet of emollient mechanisms, with effects extending beyond
pH modulation. Future studies must elucidate the long-term im-
pact of pH-tailored emollients on microbiome-immune crosstalk.

Among the 14 studies analyzed (2632, 40, 45, 56—60), three
incorporated urea (28-30), one tested a formulation containing
niacinamide (45), and one utilized an emollient buffered with zinc
lactobionate (27). The remaining studies either did not disclose
formulation details or employed multi-component formulations.
Emollients exert their therapeutic effects via multiple mecha-
nisms: lipid replenishment, reducing transepidermal water loss,
enhancing keratinocyte differentiation, modulating skin pH and
microbiota, and exhibiting anti-inflammatory and antioxidant
properties (46, 47). Common formulations include ceramides,
glycerol, and urea, which restore the stratum corneum’s “brick
wall” structure by replenishing epidermal lipid reservoirs, thereby
mitigating transepidermal water loss (48). A meta-analysis demon-
strated that emollients containing ceramides significantly reduced
TEWL and glucocorticoid dependence in eczema patients (49). N-
palmitoyl serine (PS), a ceramide precursor, modulates ceramide
synthesis during interleukin (IL)-4-mediated inflammation via CB1
receptor activation. PS treatment attenuates IL-4-induced inflam-
matory signaling and restores lipid metabolic balance in the stra-
tum corneum (50). Other ingredients (e.g., glycerol or petroleum
jelly) enhance epidermal hydration and barrier integrity (51). Ni-
acinamide and vitamin C exhibit bioactive properties, stimulating
keratinocyte proliferation and differentiation to accelerate barrier
restoration (52). One study demonstrated that eicosapentaenoic
acid in jojoba oil elevated prostaglandin E2 (PGE2) and tumor ne-
crosis factor-alpha (TNF-a) levels, whereas components such as
glycerol and urea attenuated the production of these inflamma-
tory mediators (53). However, none of the studies empirically eval-
uated these molecular markers, highlighting the need for future
research integrating molecular mechanistic insights with clinical
datasets to advance targeted emollient therapies.
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Constraints and suggestions for future work

Several limitations must be acknowledged regarding the modestly
positive outcomes. First, the primary limitation stems from the lim-
ited number of clinical trials (10 studies) in the meta-analysis, cou-
pled with small sample sizes (under 100 participants per study);
consequently, these findings should be interpreted as preliminary
in nature. This is because subgroup analyses and funnel plot asym-
metry lack sufficient statistical power to reliably distinguish chance
from true differences or detect potential reporting bias when few-
er than 10 studies are included (54). Second, the use of GetData
Graph Digitizer for data extraction could introduce limitations on
the statistical power and accuracy of the analysis. Heterogeneity in
emollient formulations across studies may confound the observed
positive outcomes because the therapeutic effects could be partially
attributable to variability in formulation vehicles. Quality assess-
ment of the studies revealed that the RoB in most trials was pre-
dominantly unclear, leading to an overall reduction in methodo-
logical rigor. Furthermore, potential conflicts of interest stemming
from commercial funding in certain studies further undermine the
reliability of the findings. Such biases may arise from factors includ-
ing reliance on subjective dermatologic assessments, selective out-
come reporting, or biased presentation of results in commercially
supported trials (55). The majority of clinical studies adopted a split-
body design, leading to limited inclusion of RCTs. This contributed
to a restricted evidence base and reduced sample sizes, with the
smallest groups comprising only 15 participants (n = 15 per group).
Second, confounding effects from participants’ dietary habits and
lifestyle factors could not be fully controlled, potentially influenc-
ing outcome validity. Furthermore, the heterogeneity of emollient
formulations—each with distinct compositions and multifactorial
mechanisms of action—was not comprehensively addressed in this
analysis. No significant adverse events were reported in most stud-
ies, indicating that emollient use is likely well tolerated.

Conclusions

Thus, although emollients significantly improved certain indices
of skin barrier function in patients with AD (TEWL and skin ca-
pacitance), no statistically significant improvement was detected
in skin surface pH. Nevertheless, to the best of our knowledge, this
study provides the first systematic investigation of topical emol-
lients as a daily intervention for restoring skin barrier function in
AD. Our findings suggest that emollients reduce TEWL in mild-to-
moderate AD when used for 2 to 4 weeks; however, the lack of
statistical significance for prolonged use (=6 weeks) may reflect
the limited number of available studies. This highlights the need
for future trials to define stepwise efficacy expectations based on
duration and formulation. Anticipating growing interest in skin
barrier restoration, future RCTs should prioritize defining optimal
emollient duration of use and identifying active ingredients to
develop targeted therapeutic strategies. Such advancements may
ultimately translate into safer, more effective emollient formula-
tions capable of addressing the impaired skin barrier in AD.
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