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Abstract: (1) Background: Depression, metabolic alternations, and liver diseases are highly comorbid.
Studies have shown that probiotics might be helpful in the treatment of the above-mentioned states.
The aim of this secondary analysis was to search for possible predictors of probiotics’ efficacy on
liver-related outcome measures. (2) Methods: Data from 92 subjects from a randomized clinical trial
on the effect of probiotics on depression were analyzed. The shift in liver steatosis and fibrosis indices
was assessed in the context of baseline immunometabolic, psychometric, dietary, and intestinal per-
meability factors. Correlation analysis and linear regression models were used. (3) Results: A total of
30% of the variance of the improvement in the score of the aspartate transferase to platelet ratio index
was explained by probiotic use, higher pre-intervention triglycerides, cholesterol, C-reactive protein
levels, increased cereal intake, and a lower consumption of sweets. Then, the model of the change
in alanine transferase indicated that probiotics were efficient when used by subjects with higher
basal levels of intestinal permeability markers. (4) Conclusions: Probiotics being used along with a
healthy diet may provide additional benefits, such as decreased cardiovascular risk, for patients with
measures consistent with the immunometabolic form of depression. Probiotic augmentation may be
useful for liver protection among subjects with a suspected “leaky gut” syndrome. ClinicalTrials.gov:
NCT04756544.

Keywords: probiotics; liver dysfunction; cardiovascular risk; depression; intestinal permeability; diet

1. Introduction

Depression, metabolic disorders, and numerous liver pathologies, including steatotic
liver disease and drug- or alcohol-induced liver injury, often co-occur [1–6]. It is suggested
that gut microbiota dysbiosis, as well as the issue of intestinal permeability (also known
as “leaky gut syndrome”, a weakened gut barrier state resulting in various inflammatory
agents, toxic substances, and bacterial components crossing the gut lining into systemic
circulation [7]) and improper dietary habits, may mediate the clinical relationship between
these disorders [8–13]. Interestingly, previous studies revealed the possible beneficial role
of probiotic use and dietary interventions in treating the above-mentioned states [14–18].
However, there are numerous inconsistencies regarding the role of baseline metabolic and
microbiota-related parameters, as well as dietary patterns, in predicting the influence of
probiotics on liver-derived indices. The parental Pro-Demet randomized controlled trial
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(RCT), which assessed probiotics’ efficacy in depression, showed their minimal impact
on depressive outcome measures as an add-on treatment dependent on the patient’s pre-
treatment metabolic status, including their hepatic steatosis index (HSI) [19]. At the same
time, a secondary analysis of the same RCT revealed a statistically significantly better
improvement in alanine aminotransferase (ALT)-based liver biomarkers after the probiotic
intervention in antidepressant-treated subjects in comparison to those not treated with
antidepressive drugs. Moreover, a similar relationship was found regarding the main
mental disorder diagnosis—a better improvement in fatty liver means after probiotics
supplementation was observed among subjects diagnosed with depressive episodes vs.
those with mixed depressive and anxiety disorder diagnoses [20].

All in all, the target subpopulation for probiotic supplementation among patients with
depression is not fully understood. Specifically, it is not known whether immunometabolic
features comorbid with depression, microbiota and gut permeability proxy biomarkers,
or lifestyle factors are predictive of the efficacy of probiotics for liver-related non-invasive
biomarkers in a clinical population with depressive disorders.

Therefore, this analysis aimed to search for possible predictors of probiotics’ influ-
ence on non-invasive biomarkers of liver steatosis and fibrosis among inflammation and
metabolic parameters; intestinal permeability biomarkers—such as intestinal fatty acid-
binding protein (I-FABP/FABP-2); microbiota metabolites—such as blood short-chain fatty
acids (bSCFAs); or dietary habits.

We hypothesized that pre-treatment abnormalities in microbiota-intestine markers,
as well as immunometabolic abnormalities comorbid with depression, would serve as
possible predictors of probiotics’ efficacy for liver function based on non-invasive blood
indices. Dietary habits were hypothesized to be additional explanatory factors.

2. Materials and Methods
2.1. Study Participants

A total of 116 patients with depressive disorders, according to the 11th International
Classification of Diseases, were randomized and assigned to the probiotic (PRO) or placebo
(PLC) groups. The PRO group received a mixture of Lactobacillus helveticus Rosell®-52
and Bifidobacterium longum Rosell®-175 for 60 days. During the trial, anthropometric,
psychometric, and metabolic parameters, as well as inflammatory and microbiota proxy
biomarkers, both circulating and fecal, were assessed in both groups according to the study
protocol [21]. Moreover, detailed dietary habits, physical activity levels, and medication
and dietary supplement intake were assessed pre-intervention.

The eligibility criteria and study timeline may be found elsewhere [21,22].
Finally, data from 92 subjects (74 women and 14 men, aged (Mdn (IQR)) 32.0 (22.5–42.1)

years) were analyzed in this study. In total, 63 (68.5%) subjects were using antidepressants;
the median ALT value was 16.2 (IQR: 12.9–23.3) U/L. A participant flow diagram and
detailed sample characteristics of this population have been published previously [20]. A
shortened form of the sample’s characteristics is shown in the Appendix A. Importantly,
there were no baseline differences in their pre-intervention circulating I-FABP; bSCFAs;
psychometric, metabolic, or inflammatory parameters; or dietary habits.

2.2. Primary Outcome Measures

Non-invasive liver-related biomarkers were analyzed (Table 1) [23–25].
The change in values of liver-derived blood-based biomarkers (pre-intervention vs.

post-intervention) was assessed as a potential improvement/worsening in liver function
in general without indicating a histopathological change in the level of steatosis/liver
fibrosis [26,27].
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Table 1. Non-invasive blood-based liver function biomarkers.

The Name of the
Non-Invasive

Liver-Related Biomarker
Abbreviation Liver Abnormality

Detection Formula
Cut-Off Point for

Detecting/Ruling Out
Liver Abnormalities

Alanine Transaminase ALT (acute/chronic)
hepatic cytotoxic

injury

- the upper limit of
normal

Aspartate
Aminotransferase AST - the upper limit of

normal

Alanine Aminotransferase
to Aspartate

Aminotransferase Ratio
ALT/AST ratio

fatty liver disease

[ALT value]/[AST value] 1.33

Hepatic Steatosis Index HSI
8 × [ALT value]/[AST

value] + [BMI in kg/m2] +
2 * + 2 **

36

Framingham Steatosis
Index FSI

7.981 + 0.011 × [age] −
0.146 × [se×] *** + 0.173 ×
[BMI in kg/m2] + 0.007 ×
[TG in mg/dL] + 0.593 ×

[HTN] **** + 0.789 × [DM]
***** + 1.1 × [ALT/AST

ratio] ******

−1.2

AST to Platelet Ratio Index APRI
liver fibrosis

[AST value]/[AST value
upper limit of

normal]/[PLT value] × 100
0.5

Fibrosis-4 Index FIB-4 [age] × [AST value]/[PLT
value] ×

√
[ALT value] 1.3

Abbreviations: ALT = alanine transaminase; APRI = AST-to-platelet ratio index; AST = aspartate aminotransferase;
BMI = body mass index; DM = diabetes mellitus, FIB-4 = fibrosis-4 index; FSI = Framingham Steatosis Index;
HSI = hepatic steatosis index; HTN = hypertension; PLT = platelets count; TG = triglycerides. * if DM diagnosis;
** if female; *** if female = 1, if male = 0; **** if HTN = 1, if no HTN = 0; ***** if DM = 1, if no DM = 0; ****** if
ALT/AST ratio ≥ 1.33 = yes, if no = 0.

Importantly, the aspartate aminotransferase (AST)-to-platelets ratio index (APRI)
and fibrosis-4 index (FIB-4), when used in the general population, are effective in the
cardiovascular risk (CVR) assessment [28,29].

The rest of the outcome measures are shown in Appendix A.

2.3. Statistical Analysis

Correlations between non-invasive hepatic steatosis indices and clinical parameters
were assessed using Spearman’s rank correlation. We selected variables for further analysis
based on Spearman’s rank correlation coefficients. To explore multivariate associations
between non-invasive hepatic-related indices and other clinical parameters, we developed
linear regression models with a backward feature elimination method. All independent
variables were checked for collinearity and possible interactions. For each model, adjusted
R2 was used as a measurement of explained variability. The significance threshold was set
at p < 0.05. The significance threshold for linear regression models (six models of changes
in liver-derived parameters) was set at p = 0.008 using Bonferroni correction.

3. Results

First, it was shown that variables such as age, baseline ALT, circulating lipid profile,
dietary habits, physical activity, or I-FABP correlated with changes in liver steatosis and fi-
brosis markers values (|r| ≥ 0.20) (Table 2). Interestingly, there were noticeable differences
in sets of those factors between the PRO and PLC groups.
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Table 2. Spearman’s correlation between changes in liver-derived markers and baseline factors;
* p < 0.05, ** p < 0.01, *** p < 0.001; red—the higher value of a baseline parameter is a possible positive
predictor of the decrease in liver-related marker level; green—the higher value of the parameter is a
possible negative predictor of the decrease in liver-related marker level. n = 92.

R ≥0.40 0.30 to 0.39 0.20 to 0.29 0.10 to 0.19 −0.09 to 0.09 −0.10 to −0.19 −0.20 to −0.29 −0.30 to −0.39 ≤−0.40
PRO

% ∆HSI % ∆ALT % ∆ALT/AST % ∆FSI % ∆APRI % ∆FIB-4
HSI −0.04 −0.06 −0.06 0.04 −0.06 0.02
ALT −0.33 * −0.33 * −0.34 * 0.06 −0.17 0.12

ALT/AST −0.25 −0.22 −0.26 0.01 −0.03 0.16
FSI 0.07 −0.03 0.04 0.18 −0.12 −0.09

APRI −0.38 ** −0.45 ** −0.45 ** −0.07 −0.26 0.17
FIB-4 −0.35 * −0.25 −0.35 * 0.13 0.05 0.27
AST −0.41 ** −0.56 *** −0.46 *** 0.05 −0.35 * 0.1
age −0.37 ** −0.15 −0.28 0.21 0.14 0.30 *
sBP 0.16 0.13 0.15 0.09 0.01 −0.2
dBP 0.27 0.21 0.23 0.01 0.1 −0.21

weight 0.22 0.06 0.2 0.04 −0.16 −0.19
VAI 0.2 0.1 0.22 0.25 −0.17 −0.33 *
fGlc −0.22 −0.15 −0.17 −0.02 0.03 0.27
TG 0.15 0.05 0.15 0.35 * −0.19 −0.33 *

HDL-c −0.2 −0.1 −0.22 0.11 0.04 0.17
LDL-c 0.05 0.08 0.1 0.17 0.21 0.07

Non-HDL-c 0.06 0.06 0.11 0.16 0.14 −0.04
CHOL −0.01 0 0.03 0.19 0.13 0.01

TG/HDL-c 0.17 0.08 0.2 0.32 * −0.17 −0.34 *
TyG 0.05 −0.01 0.06 0.30 * −0.2 −0.22
CRP −0.09 −0.14 −0.11 −0.09 −0.17 −0.04

I-FABP −0.28 * −0.43 ** −0.39 ** 0.09 −0.32 * 0.01
bSCFAs −0.05 −0.1 −0.11 0.04 0.16 0.18

fruits 0.07 0.08 −0.01 0.02 0.25 0.13
vegetables and seeds 0.09 −0.03 0.01 0.03 −0.04 0.05

oils 0.04 −0.01 0.06 0.05 −0.05 −0.04
sweets 0.08 0.14 0.02 −0.04 0.27 0.18
meat −0.04 −0.15 −0.06 −0.02 −0.05 −0.01

diary and eggs −0.08 0.08 −0.05 −0.02 0.11 0.14
cereal 0.19 0.14 0.23 −0.14 −0.1 −0.22
drinks 0.2 0.09 0.11 −0.18 0.04 −0.05

processed food products 0.17 0.09 0.11 −0.16 0.07 −0.02
physical activity 0.02 0.05 −0.03 −0.32 −0.14 0.07

MADRS 0.06 0.12 0.03 0.14 0.22 0.1
D-DASS 0.17 0.22 0.06 −0.1 0.27 0.11
S-DASS −0.03 −0.07 −0.11 0.08 0.05 0.22

PLC
% ∆HSI % ∆ALT % ∆ALT/AST % ∆FSI % ∆APRI % ∆FIB-4

HSI −0.19 −0.22 −0.23 −0.15 −0.18 0.01
ALT −0.14 −0.31 * −0.24 −0.1 −0.3 −0.09

ALT/AST −0.23 −0.36 * −0.33 * −0.04 −0.1 0.11
FSI −0.07 −0.19 −0.09 −0.05 −0.29 −0.13

APRI −0.12 −0.18 −0.19 −0.25 −0.33* −0.19
FIB-4 0.06 0.02 −0.05 −0.11 −0.16 −0.13
AST −0.07 −0.26 −0.13 −0.12 −0.42 ** −0.24
age −0.04 −0.08 −0.12 0.1 −0.09 −0.01
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Table 2. Cont.

sBP 0.12 −0.1 0.02 −0.17 −0.25 −0.2
dBP 0.05 −0.11 0.1 −0.01 −0.23 −0.17

weight −0.08 −0.13 −0.1 −0.16 −0.26 −0.1
VAI 0.13 0.01 0.15 0.02 −0.26 −0.22
fGlc −0.02 0.07 −0.01 −0.35 * −0.06 −0.12
TG 0.11 −0.06 0.18 0.16 −0.33 * −0.28

HDL-c −0.09 −0.14 −0.13 0.18 −0.1 0.01
LDL-c 0.2 −0.18 0.13 0.14 −0.45 ** −0.3

non-HDL-c 0.2 −0.15 0.17 0.12 −0.46 ** −0.35 *
CHOL 0.17 −0.2 0.11 0.15 −0.49 ** −0.32 *

TG/HDL-c 0.17 0.03 0.23 0.09 −0.2 −0.21
TyG 0.14 −0.01 0.2 0.1 −0.26 −0.25
CRP 0.05 −0.13 −0.01 0.03 −0.33 * −0.26

I-FABP −0.16 −0.15 −0.23 0.07 0.07 0.21
bSCFAs 0.23 0.37 * 0.27 0.21 0.08 0

fruits 0.09 0.2 0.05 −0.17 0.46 ** 0.39 *
oils −0.01 0.19 −0.03 0.07 0.34 * 0.2

vegetables and seeds 0.3 0.34 * 0.26 −0.2 0.33 * 0.15
sweets −0.08 −0.12 −0.09 0.27 0.09 −0.06
meat 0.17 0.25 0.21 0.09 0.01 −0.19

diary and eggs 0.13 0.08 −0.01 0.04 −0.12 −0.28
cereal 0.34 * 0.35 * 0.32 * −0.1 0.1 −0.08
drinks 0.04 0.28 0.23 0.01 0.02 −0.15

processed food products 0.11 0.16 0.18 0.19 −0.01 −0.25
physical activity

(n = 41)
−0.38 −0.28 −0.47 0.3 0 0.51 *

MADRS 0.02 0.16 0.06 −0.12 0.11 0.03
D-DASS −0.06 −0.03 0.03 −0.02 −0.34 * −0.3
S-DASS −0.1 0.02 −0.14 0.12 −0.05 0.1

Abbreviations: ALT—alanine aminotransferase; APRI—AST-to-platelet ratio; AST—aspartate aminotransferase;
bSCFAs—blood short-chain fatty acids; CHOL—cholesterol; CRP—C-reactive protein; dBP—diastolic blood
pressure; D-DASS—Depression subscale of the Depression, Anxiety, and Stress Scale; fGlc—fasting serum glucose;
FIB-4—Fibrosis-4 Index; FSI—Framingham Steatosis Index; HDL-c—high-density lipoprotein cholesterol; HSI—
Hepatic Steatosis Index; I-FABP—intestinal fatty acid-binding protein; LDL-c—low-density lipoprotein cholesterol;
MADRS—Montgomery Asberg Depression Rating Scale; PLC—placebo group; PRO—probiotic group; sBP—
systolic blood pressure; S-DASS—Stress subscale of the Depression, Anxiety, and Stress Scale; TG—triglycerides;
TyG—triglyceride–glucose index; VAI—visceral adiposity index.

Based on the correlation heatmap, the following factors were chosen for regression
models: age, weight, diastolic blood pressure (dBP), triglycerides (TG), cholesterol, C-
reactive protein (CRP), I-FABP, bSCFAs, depression subscale of Depression, Anxiety, and
Stress Scale (D-DASS), fruits, oils, vegetable and seeds, sweets, meat, or cereal intake, and
physical activity level.

Second, the multiple linear regression (MLR) models, including PRO or PLC allocation
and its interactions with other independent variables, were valid for the changes in ALT
and APRI values (p < 0.008) (Table 3). The forest plots of MLR results are shown in Figure 1.
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Table 3. The summary of the multiple linear regression models with interactions for the change in
liver steatosis or cardiovascular risk-related indices, including the type of intervention (probiotic
vs. placebo).

Dependent Variable R2adj F p Independent Variable Coefficient
(β [95% CI]) p-Value

∆ ALT 0.186 3.74 0.001

PRO vs. PLC 0.76 (0.15–1.36) 0.014
I-FABP −0.31 (−0.54–−0.08) 0.008

PRO vs. PLC * I-FABP −0.39 (−0.81–0.02) 0.061
bSCFAs 0.09 (−0.12–0.30) 0.378

PRO vs. PLC * bSCFAs −0.62 (−1.15–−0.09) 0.023
cholesterol −0.31 (−0.53–−0.08) 0.009

weight −0.30 (−0.53–−0.07) 0.010

∆ APRI 0.304 4.88 <0.001

PRO vs. PLC −0.85 (−1.33–−0.38) <0.001
D-DASS −0.26 (−0.82–0.29) 0.349

PRO vs. PLC * D-DASS 0.77 (0.30–1.25) 0.002
cholesterol −0.26 (−0.48–−0.05) 0.018

TG −16.36 (−24.91–−7.81) <0.001
CRP −1.72 (−4.11–0.67) 0.157

cereals −10.95 (−20.06–−1.85) 0.019
sweets and snacks 0.28 (0.07–0.50) 0.010

Symbols: ∆—the change between the post- and pre-intervention values. Abbreviations: bSCFAs—blood short-
chain fatty acids; CRP—C-reactive protein; D-DASS—Depression subscale of the Depression, Anxiety, and
Stress Scale; HDL-c—high-density lipoprotein cholesterol; I-FABP—intestinal fatty acid-binding protein; PLC—
placebo group; PRO—probiotic group; R2adj—adjusted squared coefficient of determination; TG—triglycerides;
VAI—visceral adiposity index. * means interaction.

Nutrients 2024, 16, x FOR PEER REVIEW 7 of 15 
 

 
Nutrients 2023, 15, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/nutrients 

 
Figure 1. Forest plots of the multiple linear regression models with interactions, including the type 
of intervention (probiotic vs. placebo). (A) For the changes in alanine aminotransferase (ALT); (B) 
for the changes in aspartate aminotransferase (AST)-to-platelets ratio index (APRI). * means 
interaction. 

Abbreviations: bSCFAS = blood short-chain fatty acids; CRP = C-reactive protein; D-DASS = 
Depression subscale of Depression, Anxiety, and Stress Scale; I-FABP = intestinal fatty-acid binding 
protein; TG = triglycerides. 
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4.1. Correlation Analyses Results 
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Figure 1. Forest plots of the multiple linear regression models with interactions, including the type
of intervention (probiotic vs. placebo). (A) For the changes in alanine aminotransferase (ALT);
(B) for the changes in aspartate aminotransferase (AST)-to-platelets ratio index (APRI). * means
interaction. Abbreviations: bSCFAS = blood short-chain fatty acids; CRP = C-reactive protein; D-
DASS = Depression subscale of Depression, Anxiety, and Stress Scale; I-FABP = intestinal fatty-acid
binding protein; TG = triglycerides.

4. Discussion
4.1. Correlation Analyses Results

Based on the correlation analysis, as expected, pre-treatment liver steatosis and fibrosis
parameters were associated with more improvement in steatosis indices values only in the
PRO group.

Interestingly, the pre-intervention diet, especially fruits, vegetables, seeds, and cereal
products intake, was connected with the change in liver-derived markers only in the PLC
group. We hypothesize that all study participants had improved their dietary habits during
the Pro-Demet intervention, as stated earlier [20]. The healthier the pre-intervention diet,
the less possible any further improvement in dietary habits. Thus, participants in the PLC
group gained no additional benefits from the intervention.

The higher the basal level of I-FABP, the better improvement in hepatic indices was
shown in the PRO group. As FABP2 is a validated marker of enterocyte microdamage
and higher intestinal permeability [30], an underlying “leaky gut” syndrome may be a
proposed explanatory factor of the probiotic’s influence on liver function.

The lipid profile and CRP level were consistently shown to be connected with changes
in CVR indices in the PLC, but not PRO, group, possibly making immunometabolic status
not the only and not the most robust determinant of the PRO efficacy.

Finally, it is crucial to bear in mind that the above findings are only preliminary, and
causal effects cannot be determined based on the results of correlation analysis. Thus, these
analyses were performed to select parameters for regression models.

4.2. Predictors of Probiotics Possible Efficacy for Liver Dysfunction Improvement

As shown earlier, PRO intervention alone did not change ALT levels compared with
PLC in the population with depressive disorders. However, significant differences in probi-
otics efficacy for this parameter were found when stratified subjects by the antidepressant



Nutrients 2024, 16, 4024 8 of 14

use [20]. Here, our MLR model for the change in ALT values indicated that PRO acted
differently when used by subjects with higher basal levels of I-FABP or bSCFAs, and these
compounds were proposed to be indicators of the microbiota–gut wall homeostasis. I-FABP
is utilized as a marker of the enterocyte lesion and the “leaky gut” syndrome [30,31]. On the
other hand, circulating SCFAs, intestinal microbiota metabolites, may provide information
on the gut ecosystem status—their levels and ratios are proposed to be biomarkers of
the chronic inflammatory diseases state or treatment efficacy [32–34]. Thus, our study’s
probiotic intervention effect may depend on the basal microbiota–intestinal function. In-
deed, it has been demonstrated repeatedly that probiotics improve the pre-intervention
gut microbiota composition and intestinal barrier status, especially following disruptive
events [35,36]. Moreover, it was shown that restoring the gut microbiota balance with
rifaximin helped to reduce the rate of increased intestinal permeability and decrease liver-
derived inflammation and liver-related outcomes in animal models [37]. Therefore, we
conclude that probiotics may act similarly on the microbiota–gut–liver axis in humans.
Moreover, excessive inflammatory cytokines release, mediated by the hepato-cytotoxic
injury [38], might constitute a target for probiotics’ anti-inflammatory properties, as pro-
biotics were shown to decrease not only ALT values but also CRP levels in non-alcoholic
fatty liver disease (NAFLD) subjects [39]. A recent systematic review has pointed to the
curative action of probiotics for endocrine disorders through modulating inflammation [40].
Further, our previous analysis had shown that in the PRO group, subjects treated with
antidepressants had greater improvement in ALT values than those who did not receive
antidepressants [20]. Moreover, we have previously found increased I-FABP values under
the antidepressant treatment in the Pro-Demet entry population [41]. Indeed, antidepres-
sants were shown to lower microbiota richness and diversity as well as increase intestinal
permeability in pre-clinical models [42–44]. All of the above-mentioned findings make the
current analysis results complementary to previous ones.

To sum up, probiotics might be beneficial for liver tests in patients with depression
comorbid with microbiota–gut dysfunction. Nevertheless, the adjusted R2 in the MLR
model was found to be relatively small, indicating that other factors, not included in our
study, may also have a significant impact on ALT changes.

4.3. The Assessment of Probiotics Efficacy and Diet in the Cardiovascular Risk Reduction

As for CVR indices, 30% of the variance of the improvement in APRI score may be
explained by higher pre-intervention TG, cholesterol and CRP levels, high cereals intake
and low sweets consumption, and probiotics use. Higher levels of depressive symptoms,
however, counteracted the curative action of probiotics. These findings have confirmed
some of the previous studies results that among people with immunometabolic alternations,
probiotics in combination with other nutrients or the improvement of specific lifestyle
changes, especially dietary habits, may result in better outcomes [45–47]. For instance,
the consumption of a whole-grain pasta lowered plasma CRP, or the low-to-high-density
lipoprotein cholesterol ratio (LDL/HDL) in obese volunteers, compared to pasta without
a synbiotic [46]. Indeed, whole-grain cereal products contain dietary fiber, which acts
as a prebiotic, and dietary fiber was found to be associated with a decreased risk of all-
cause mortality [48,49]. Thus, the supplementation of probiotics along with a diet rich in
fiber may act similarly to the intake of synbiotics. Regarding sweets intake, a diet low in
added fructose was shown to have favorable effects on NAFLD patients [18]. Sweets are
usually fortified not only with different sugars but also with artificial sweeteners, colors or
preservatives. Both added sugars and artificial additives are well recognized as some of
the factors increasing cardiovascular risk [50,51]. So, they may counteract the benefits of
probiotics. As regards lifestyle modification in a broad sense, nutraceutical supplementation
including probiotics decreased a 10-year CVR score by 40% compared to lifestyle changes
alone [47]. Concerning whole dietary approaches, a dietary weight loss program, combined
with probiotics supplementation, had favorable effects on total cholesterol levels in patients
with coronary artery disease [52]. Moreover, our analysis results revealed that the probiotic
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intervention might be effective when used by participants with low baseline depressiveness.
This may be because more severe depression was previously shown to be connected
with poor dietary habits, e.g., a higher intake of sweets and fast food, as well as low
compliance with the Mediterranean diet [53] or higher consumption of sugar-sweetened
beverages in adolescents [54]. Specifically, anhedonia or anxiety was found to drive
the high consumption of fried or sugar-enriched food products [55]. Thus, dietary and
possibly other lifestyle improvements combined with probiotics may be necessary to affect
clinical outcomes, especially in people with immunometabolic abnormalities. This may
be due to fiber-derived microbiota metabolites, mainly SCFAs, which have been shown to
possess anti-inflammatory properties, regulating metabolic health and even protecting the
liver [56–58].

So, healthy dietary habits in patients with depression and immunometabolic distur-
bances may condition the improvement of CVR after probiotics.

4.4. The Generalizability of the Results

The generalizability of the findings to other populations may be, however, limited.
First, the study population consisted of individuals with mild to moderate depressive
disorders, the majority of whom used antidepressants. Many studies have shown that both
depression and its pharmacological treatment are associated with distinct gut microbial
profiles and altered gut wall permeability [42,59,60]. Similarly, metabolic abnormalities,
low-grade inflammation, and unhealthy diet are more common among patients with
depression than in the general population [55,61]. Second, the study population was
primarily female, and chronic liver dysfunction is more prevalent in males than females
due to several potential factors, including sex hormones or alcohol abuse [62].

Moreover, the long-term effects of probiotic intervention for liver function remain
uncertain. In the systematic review, half of the patients with dysbiosis at enrollment were
shown to have improved gut microbiota composition after the probiotic supplementation.
Still, the follow-up period lasted only up to 30 days [36]. This would resemble the situation
of those patients in our study with higher levels of FABP2 or bSCFAs that showed some
improvement in ALT values. As this improvement is hypothesized to be associated with the
decreased severity of dysbiosis and ‘leaky gut’, as discussed earlier, an ALT improvement
might last as long as the gut microbiota balance. Longer-term studies in adult populations
are lacking [63]. However, a probiotic effect may last long when administered very early in
life; e.g., perinatal probiotic supplementation resulted in a very long-term (up to several
years) decreased prevalence of allergy in children [64]. But the results of different studies
are conflicting [65].

4.5. Limitations

The main limitation of our study is its modest sample size; thus, some analyses,
especially when examining subgroups or interactions, might be underpowered. This fact
limits making firm conclusions or assessing causal effects. Additionally, the explanatory
nature of this secondary analysis of the primary trial data makes conclusions about the
cause-and-effect relationship even more constricted. Furthermore, we used only non-
invasive blood tests to assess liver function, hepatic steatosis, or any other specific liver
dysfunction. Moreover, probiotic effects are strain-specific; psychobiotic strains were
used due to the design of the parent study [66]. However, a meta-analysis focusing
on the pro- or synbiotics influence on liver enzymes revealed that there was a massive
diversity of probiotic strains used among NAFLD patients, the most common genera were
Lactobacillus, Bifidobacterium, and Streptococcus; thus, the overlap with psychobiotics seems
to be significant [65]. Nonetheless, the results of our study may enable the design of better
future trial protocols to elucidate predictors of probiotics efficacy for liver-related markers
in clinical populations with depression.

Despite the above-listed limitations, the strength of the present study lies in its nov-
elty in terms of analyzed biomarkers and preliminary assessment of the complex net of
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interaction between clinical depression, liver, gut wall, microbiota, and diet. To the best of
our knowledge, this is the first study that assessed possible conditions for probiotics action
toward proxy liver abnormalities markers in patients with depressive disorders.

5. Conclusions

As regards patients with depression, PRO augmentation may be useful for liver
protection among subjects with the suspected “leaky gut” syndrome. Further, the PRO
intervention combined with the fiber-rich diet may provide additional benefits, such as a
decrease in CVR, among patients with immunometabolic alterations.

The interplay between probiotics, diet, microbiota, gut, depression, and liver function
may constitute the direction of future research.
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Appendix A

Appendix A.1

1. Sample Characteristics (n = 92) Parameter Number (%) or Mdn (IQR)

MetS according to IDF 20 (21.74%)
Antidepressants 63 (68.47%)
Antipsychotics 4 (4.35%)

Other pharmacological treatment 33 (35.87%)
Comorbidities 48 (52.17%)
Smoking status 13 (4.13%)

Dietary supplements 48 (52.17%)
Physical activity (MET-min/week) 1783.50 (1026.50–2892.00)

ALT (U/L) 16.20 (12.90–23.30)
ALT/AST 0.75 (0.63–0.89)

HSI 32.13 (28.49–35.14)
FSI −2.64 (−3.50–−1.61)

APRI 0.24 (0.19–0.30)
FIB-4 0.61 (0.46–0.80)

Weight (kg) 68.30 (56.50–79.60)
BMI (kg/m2) 24.31 (21.21–27.15)

WC (cm) 83.25 (72.00–93.50)
fGlc (mmol/L) 5.07 (4.86–5.38)

HDL-c (mmol/L) 1.61 (1.43–1.90)
non-HDL-c (mmol/L) 3.60 (2.88–4.36)

TG (mmol/L) 0.95 (0.80–1.39)
Sweets and snacks 2.57 (2.14–3.14)
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1. Sample Characteristics (n = 92) Parameter Number (%) or Mdn (IQR)

Diary and eggs 3.17 (2.67–3.67)
Cereal products 3.20 (2.60–3.40)

Oils 2.67 (2.33–3.00)
Fruits 2.70 (2.40–3.20)

Vegetables and seeds 3.36 (2.91–3.82)
Meat (including fish) 2.25 (1.86–2.75)

Drinks (excluding water) 2.00 (1.71–2.43)
Processed food products 2.36 (2.10–2.71)

MADRS score 19.00 (16.00–24.00)
DASS score 64.50 (47.00–80.00)
Depression 21.00 (14.00–27.00)

Anxiety 16.00 (10.00–23.00)
Stress 24.00 (20.00–34.00)

CRP (mg/L) 1.20 (0.50–2.85)
TNF-α (pg/mL) 6.00 (1.84–7.57)
I-FABP (ng/mL) 1843.38 (1169.14–2485.55)
bSCFAs (pg/mL) 4341.41 (3376.19–5820.68)

Dietary habits: 1—never or almost never; 2—once a month; 3—several times a month; 4—several times a

week; 5—every day; 6—several times a day. Abbreviations: ALT = alanine aminotransferase; APRI = aspar-

tate aminotransferase-to-platelets ratio index; BMI = body mass index; bSCFAs = blood short-chain fatty acids;

CRP = C-reactive protein; DASS = Depression, Anxiety, and Stress Scale; fGlc = fasting glucose; FSI = Framingham

Steatosis Index; HDL-c = HDL cholesterol; HSI = hepatic steatosis index; IDF = International Diabetes Federa-

tion; I-FABP = intestinal fatty acid-binding protein; IQR = interquartile range; MADRS = Montgomery–Asberg

Depression Rating Scale; Mdn = median; MET = metabolic equivalent of task; MetS = metabolic syndrome;

TG = triglycerides; TNF-α = tumor necrosis factor alpha; WC = waist circumference.

Appendix A.2. Secondary Outcomes

Delta (∆) was defined as a post-(V2) minus pre-intervention (V1) value.
%delta (%∆) was defined as (∆/V1) * 100%.
The Depression, Anxiety, and Stress Scale (DASS) was used to measure three negative

emotional states. This analysis used data measured by the Depression subscale of DASS
(D-DASS) [67].

The triglycerides to high-density lipoprotein cholesterol (TG/HDL-c) ratio has been
proposed as a marker of insulin resistance and MetS occurrence [68].

The visceral adiposity index (VAI) is a sex-specific index including WC, BMI, TG and
HDL-c to estimate visceral adiposity. It is calculated by using the following formulas:
for males: VAI = WC [cm]/(39.68 + (1.88 × BMI) × (TG [mmol/L]/1.03) × (1.31/HDL-c
[mmol/L]); for females: VAI = WC [cm]/(36.58 + (1.89 × BMI)) × (TG [mmol/L]/0.81) ×
(1.52/HDL-c [mmol/L]) [69].

TyG index is a proxy marker for identifying insulin resistance. It is calculated as
Ln(fasting TG [mg/dL] × fasting blood glucose [mg/dL]/2 [70].

Intestinal fatty acid-binding protein (FABP2/I-FABP) increased levels occur when an
intestinal epithelial cell lesion is found; it is used as a marker of “leaky gut” [71].

Short-chain fatty acids (SCFAs) include butyrate, propionate, and acetate, and are
metabolites of gut microbiota produced from fibers. They play a role in supporting the
intestinal barrier, preventing neuroinflammation and metabolic dysfunctions [72].
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