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ABSTRACT
Aims: The role of probiotics in the management of diabetic kidney disease (DKD) has been
shown. Several current trials are investigating the effect of probiotics, which are widely used to
modulate biomarkers of renal function, glucose, lipids, inflammation and oxidative stress in
patients with DKD. However, their findings are controversial. This study aimed to systematically
evaluate the impact of probiotics on patients with DKD via meta-analysis.
Methods: PubMed, The Cochrane Library, Web of Science, Scopus, Embase, China National
Knowledge Infrastructure, Chinese Wanfang Database and Chinese VIP Database were searched
for relevant studies from the establishment of these databases to September 2021. The pooled
results evaluated the impact of probiotics on renal function, glucose, lipids, inflammation and
oxidative stress indicators in patients with DKD. Additionally, subgroup analysis was performed
based on intervention duration, probiotic dose and probiotic consumption patterns, respectively.
Results: Ten trials that included 552 participants were identified for analysis. Compared with the
controls, probiotics significantly decreased serum creatinine (Scr) [WMD¼�0.17mg/dL;
95%CI¼�0.29, �0.05; p¼ 0.004], blood urea nitrogen (BUN) [WMD¼�1.36mg/dL;
95%CI¼�2.20, �0.52; p¼ 0.001], cystatin C (Cys C) [WMD¼�29.50 ng/mL; 95%CI¼�32.82,
�26.18; p< 0.00001], urinary albumin/creatinine ratio (UACR) [WMD¼�16.05mg/g;
95%CI¼�27.12, �4.99; p¼ 0.004] and natrium (Na) [WMD¼�0.94mmol/L; 95%CI¼�1.82,
�0.05; p¼ 0.04] in patients with DKD. Enhanced glycemic control was observed in patients with
DKD receiving probiotics compared with controls, as demonstrated by reduced levels of fasting
plasma glucose (FPG), hemoglobin A1c (HbA1c), homeostasis model of assessment-estimated
insulin resistance (HOMA-IR), and increased quantitative insulin sensitivity check index (QUICKI).
Probiotics affected lipid metabolism parameters with decreasing triglycerides (TG), total choles-
terol (TC) and low-density lipoprotein cholesterol (LDL-c) levels in patients with DKD. Probiotics
could also could improve inflammation and oxidative stress by decreasing high-sensitivity C-
reactive protein (hs-CRP), plasma malondialdehyde (MDA), total antioxidant capacity (TAC), gluta-
thione (GSH) and nitric oxide (NO). Additionally, subgroup analysis showed that those who
received multiple species probiotics had a statistically significant difference in BUN, FPG, HOMA-
IR, high-density lipoprotein cholesterol (HDL-c), MDA, TAC, and NO. Meanwhile, Scr, LDL-c, HDL-c,
MDA, and TAC were ameliorated when the intervention duration was more than eight weeks
and BUN, FPG, HOMA-IR, and MDA were improved when the probiotic dose was greater than
four billion CFU/day.
Conclusions: Our analysis revealed that probiotics could delay the progression of renal function
injury, improve glucose and lipid metabolism, and reduce inflammation and oxidative stress in
patients with DKD. Subgroup analysis showed that intervention duration, probiotic dose and pro-
biotic consumption patterns had an effect of probiotics on outcomes.
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Diabetic kidney disease (DKD), one of the most frequent
complications of diabetes, is the major cause of end-
stage kidney disease. Abnormal glucose and lipid
metabolism, renal hemodynamic changes, oxidative
stress, and immune-inflammatory responses are vital

mechanisms for DKD [1,2]. A recent study reported [3]
that 20–40% of diabetic patients suffer from DKD, and
the global prevalence of DKD is 15.48 ‰ in males and
16.50 ‰ in females. In the United States, the mean
annualized direct medical cost of patients with DKD is
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$6826 [4]. Based on the severe health impact and finan-
cial burden associated with DKD, it is particularly
important to find effective interventions to mitigate
DKD progression. Therefore, it is urgent to explore low-
cost and effective treatment programs to reduce the
morbidity and mortality of patients with DKD.

Probiotics are active microorganisms that are beneficial
to the host [5]. Lactobacillus (L) spp., Bifidobacterium (B)
spp., Streptococcus spp., Enterococcus spp., and
Saccharomyces boulardii are the most commonly adminis-
tered strains for supplementation [6]. By maintaining
intestinal epithelial barrier function, competing with
pathogens for nutrients and regulating the host immune
response, probiotics can improve host metabolism, relieve
uremic toxicity, reduce pro-inflammatory factor levels, and
delay the progression of renal function injury [7,8]. A sys-
tematic review of Vlachou in animal and clinical studies
[9] found that probiotics on subjects with DKD had signifi-
cant alterations in biomarkers of inflammation and renal
function in other biomarkers such as fasting plasma glu-
cose (FPG), homeostasis model of assessment-estimated
insulin resistance (HOMA-IR), increased quantitative insulin
sensitivity check index (QUICKI), insulin, triglycerides (TG),
very low-density lipoprotein cholesterol (VLDL-c) and
high-density lipoprotein cholesterol (HDL-c) levels.
However, the meta of Moravejolahkami [10] and
AbdelQadir [11] demonstrated that probiotics had no
beneficial effect on patients with DKD regarding lipid pro-
files such as TG, total cholesterol (TC), VLDL-c, HDL-c lev-
els, and oxidative stress such as nitric oxide (NO),
glutathione (GSH). Tarrahi [12] showed that there was no
statistically significant change in hemoglobin A1c
(HbA1c), insulin, QUICKI, blood urea nitrogen (BUN), and
glomerular filtration rate (GFR) in patients with DKD.
These conflicting results prompted us to systematically
analyze available randomized controlled trials (RCTs), gain-
ing a deeper and more precise understanding of the
effects of probiotics on biomarkers in renal function injury,
glucose and lipid metabolism, inflammation and oxidative
stress in patients with DKD. Furthermore, this meta-ana-
lysis through subgroup analysis investigated the influence
of intervention duration, probiotic dose and probiotic
consumption patterns on included research biomarkers.

1. Materials and methods

1.1. Inclusion and exclusion criteria

Studies were selected for inclusion by two independent
reviewers (YL.D and JJ.Q), and were approved by a third
reviewer (LL.X). Inclusion criteria: (1) RCTs design; (2)
DKD patients without restriction on age or medical con-
ditions; (3) intervention using probiotics; (4) assessment

of renal function injury, glucose and lipid metabolism,
inflammation and oxidative stress mediator concentra-
tions as an outcome variable. Exclusion criteria: (1) Non-
RCTs design, such as observational studies, reviews,
meta-analyses, short reports, conference papers,
research projects, or animal trials. (2) RCTs with
improper statistical methods, incomplete data, and
undescribed data with mean and standard deviation;
(3) Literature of poor quality or without full text.

1.2. Search strategy and selection studies

We implemented and reported the current study
according to the preferred reporting items for system-
atic reviews and meta-analysis guideline (PRISMA). The
systematic literature search (PubMed, The Cochrane
Library, Web of Science, Scopus, Embase, China
National Knowledge Infrastructure, Chinese Wanfang
database and Chinese VIP database) was performed to
identify literature published from the establishment of
these databases to September 2021. We used MeSH
terms and the following query: #1: (probiotics) OR (pro-
biotic), #2: ((((diabetic nephropathy) OR (diabetic kidney
disease)) OR (DKD)) OR (diabetic nephropathies)) OR
(diabetic patients with nephropathy), #3: (#1) AND (#2).
Additionally, a hand search was conducted among the
citation lists of all known relevant publications and
review studies to identify RCTs that were not captured
by the online electronic searches. The above work was
completed by the YL.D, JJ.Q. and YF.L.

1.3. Literature screenings and data extraction

After meeting the inclusion and exclusion criteria, the
included studies were independently reviewed by two
reviewers (YL.D and JJ.Q) using a standardized template
independently. Agreement for inclusion was calculated
using the Cohen j [13]. Any discrepancies were discussed
and resolved with a third reviewer (YF.L). The subsequent
data were abstracted: (1) basic features: author, year,
country, age, target population, intervention, study dur-
ation, and outcome biomarkers; (2) methods: randomiza-
tion, allocation concealment, blindness, data integrity,
selective reporting, and other biases; (3) research objects:
patients with DKD were divided into an experimental
group and a control group; (4) intervention measures:
specific medication, dose, treatment duration; (5) outcome
biomarkers: renal function: serum creatinine (Scr), BUN,
GFR, 24-h urine protein (24h-UP), urinary albumin/creatin-
ine ratio (UACR), cystatin C (Cys C), potassium (K), natrium
(Na); glucose metabolism: FPG, 2h postprandial blood
glucose (2 h-PBG), insulin, HbA1c, HOMA-IR, QUICKI; lipid
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metabolism: TG, TC, low-density lipoprotein cholesterol
(LDL-c), VLDL-c, HDL-c; inflammation and oxidative stress:
serum high-sensitivity C-reactive protein (hs-CRP), plasma
malondialdehyde (MDA), total antioxidant capacity (TAC),
GSH and NO.

1.4. Literature quality evaluations

The researchers (YL.D, JJ.Q. and YF.L.) evaluated the qual-
ity of the literature independently. The Cochrane bias risk
assessment tool was used to assess methodological qual-
ity. Evaluation aspects included whether: (1) random
sequences were properly generated; (2) the distribution of
hidden was properly used; (3) subjects and intervention
providers were properly blinded; (4) evaluators of the
results were properly blinded; (5) the completeness of
outcome data was properly maintained; (6) selective
reporting was properly conducted; (7) other biases were
properly disposed. According to the above specific evalu-
ation criteria, the included studies were categorized as
‘low risk’, ‘high risk’ or ‘unclear risk’.

1.5. Statistical data analysis

Stata software version 16.0 and RevMan 5.3 were used
for statistical analysis and graph of risk of bias. Cohen j
was calculated by SPSS 25.0. The effect of probiotics on
selected parameters was analyzed using the mean dif-
ference with standard deviations (SDs). The weighted
mean difference (WMD) was adopted when the same
measurement unit or method was applied for the same
intervention. Otherwise, the standardized mean differ-
ence (SMD) was employed. When the study’s authors
did not provide SDs of mean differences, SDs for the
changes from baseline were substituted using a correl-
ation coefficient calculated according to Cochrane rec-
ommendations and the SDs for the baseline and final
means for each group. Therefore, we calculated the SDs
of outcomes using the following formula: SD2

change¼ SD2 baselineþ SD2 final – (2� correlation
coefficient� SD baseline� SD final), assuming that the
correlation coefficient I was 0.5 [14]. Interval estimation
adopted a 95% confidence interval (CI). I2 � 50% and
p� 0.05 implied a lack of heterogeneity; therefore, the
fixed-effect model was used to combine the effect
value. I2 > 50% and p< 0.05 indicated the existence of
heterogeneity; hence, the random-effect model was
used. Furthermore, potential publication bias in each
analysis was assessed quantitatively using Egger’s test
[15]. If publication bias existed, the results were
reported truthfully after considering the sensitivity ana-
lysis results [16]. Sensitivity analysis was performed

based on the characteristics of the study. A p value of
0.05 was considered as level of statistical significance.

2. Results

2.1. Literature retrieval, research baseline
characteristics, and methodological quality assessment

A total of 266 articles were searched through literature
retrieval. After carefully reviewing the titles, abstracts,
duplications and relevance, we retained 57 articles for
further review. Interrater agreement in determining the
final studies from the 57 screened citations was sub-
stantial (j¼ 0.837). 5 reports without retrieved text, 9
meta-analyses, 8 reviews, 20 animal experiments, 1
study data duplication and 4 articles without appropri-
ate intervention were further excluded. In the end, 10
RCTs were included for meta-analysis, containing 9
English articles and 1 Chinese article. The 10 RCTs incor-
porated a total of 552 participants (intervention, 280;
control, 272) (Figure 1). The characteristics of all
included RCTs were summarized in Table 1, with their
methodological quality highlighted in Figure 2.

2.2. Effects of probiotics on renal function

2.2.1. Serum creatinine
The efficacy of probiotics on Scr was reported by six
studies [8,17,19–22] with 446 participants (intervention,
223; control, 223). A significant reduction was observed
in patients who received treatment (WMD¼�0.17mg/
dL; 95% CI¼�0.29, �0.05; p¼ 0.004) with heterogen-
eity (I2 ¼ 77%, p¼ 0.0005) (Figure 3(a)). Sensitivity ana-
lysis identified that the Firouzi et al. study [21]
contributed to the heterogeneity. After excluding the
study, the heterogeneity had an improvement (I2 ¼
40%, p¼ 0.16). The reduction in Scr was still significant
(WMD¼�0.22mg/dL; p< 0.0001). Additionally, we also
conducted a subgroup analysis to find possible sources.
Any subgroup could not explain the between-
study heterogeneity. Interestingly, the subsets of
‘intervention duration > 8weeks’ (WMD¼�0.20mg/dL;
p¼ 0.04) and ‘probiotic doses � 4�109 CFU/d’
(WMD¼�0.18mg/dL; p¼ 0.0003) were greater than
the overall results (Table 2).

2.2.2. Blood urea nitrogen
Five studies [8,17,19,21,22] included a total of 406
participants (intervention, 203; control, 203). There
was a significant effect of probiotics on BUN
(WMD¼�1.36mg/dL; 95%CI¼�2.20, �0.52; p¼ 0.001)
with no heterogeneity (I2 ¼ 15%, p¼ 0.32) (Figure 3(b)).
Subgroup analysis demonstrated that the impact of
probiotics on BUN reduction toward the subsets of
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‘multiple species probiotics’ (WMD¼�1.60mg/dL,
p¼ 0.001) and ‘probiotic dose > 4�109 CFU/d’
(WMD¼�1.43mg/dL, p¼ 0.005) was statistically signifi-
cant and that was better than the overall results
(Table 2).

2.2.3. Glomerular filtration rate
Five RCTs [8,17,18,21,22], including 190 experimental
participants and 182 controls, examined the effect of
probiotics on GFR levels with heterogeneity between
the studies (I2 ¼ 87%, p< 0.00001). There was no stat-
istical significance among the studies (WMD ¼
4.51mL/min/1.73m2; 95%CI¼�0.03, 9.06; p¼ 0.05)
(Figure 3(c)). There was no significant difference after
removing one single study using sensitivity analysis.
Subgroup analysis was also performed to find the

possible source of heterogeneity. However, any sub-
group did not have a good explanation for the study
heterogeneity (Table 2).

2.2.4. 24-Hour urine protein
Two RCTs [17,19] investigated the impact of probiotics
administration on 24 h-UP (subjects, 150; intervention,
75; control, 75). Overall, probiotics could not make a
reduction in 24 h-UP levels (WMD¼�171.34mg/day;
95%CI¼�541.21, 198.52; p¼ 0.36). The results were
homogeneous (I2 ¼ 81%, p¼ 0.02) (Figure 3(d)).

2.2.5. Urinary albumin/creatinine ratio
There were two RCTs [18,22] that included a total of
116 participants (intervention, 62; control, 54). The
pooled estimate demonstrated a significant reduction
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Figure 1. PRISMA flow diagram of the study selection process.
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in UACR levels as a result of probiotic intervention
(WMD¼�16.05mg/g; 95%CI¼�27.12, �4.99;
p¼ 0.004). Heterogeneity was recognized (I2 ¼ 64%,
p¼ 0.10) (Figure 3(e)).

2.2.6. Cystatin C
The effect of probiotics on Cys-c was evaluated in two
RCTs [19,23]. A total of 130 participants (subjects, 130; inter-
vention, 65; control, 65) were involved. There was a

Figure 2. Quality assessments of the included RCTs articles. (A) Risk of bias graph; (B) risk of bias summary for all RCT studies.
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Figure 3. Effects of probiotics on biomarkers of renal function. (a) Scr. (b) BUN. (c) GFR. (d) 24 h-UP (e) UACR (f) Cys c (g) K (h)
Na. Abbreviations refer to Table 1.
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Table 1. Characteristics of the included randomized controlled trials in systematic review.

Author and year Country
Participants

(E/C)
Age(years)

(E/C)
Target

population Intervention
Duration
(weeks) Outcome indexes

Firouzi 2015 [13] Malaysia 136(68/68） E:52.9 ± 9.2
C:54.2 ± 8.3

Diabetic
kidney
disease

Microbial cell preparation
(Lactobacillus
acidophilus,
Lactobacillus casei,
Lactobacillus lactis,
Bifidobacterium bifidum,
Bifidobacterium longum
and Bifidobacterium
infantis); Totally 6�1010
CFU/d

6 and 12 Scr, BUN, GFR, K, Na

Abbasi 2017 [17] Iran 40 (20/20) E:56.9 ± 8.1
C:53.6 ± 7.19

Diabetic
kidney
disease

Probiotic soy milk
(Lactobacillus
plantarum A7); Totally
4�109 CFU/d

8 Scr, GFR, UACR

Miraghajani
2017 [18]

Iran 40 (20/20) E:56.90 ± 1.81
C:53.60 ± 1.60

Diabetic
kidney
disease

Probiotic soy milk
(Lactobacillus
plantarum A7); Totally
4�109 CFU/d

8 TC
MDA,TAC,GSH

Soleimani
2017 [7]

Iran 60 (30/30) E:54.0 ± 16.0
C:59.4 ± 16.0

Diabetic
Hemodialysis

Probiotic capsule
(Bifidobacterium
bifidum,
Lactobacilluscasei, and
Lactobacillus
acidophilus);
Totally6�109 CFU/d

12 Scr, BUN, GFR, K, Na
FPG, Insulin, HOMA-IR,

QUICKI, HbA1c
TG, TC, LDL-c, VLDL-c,

HDL-c
MDA, TAC, GSH, NO,

hs-CRP
Abbasi 2018 [19] Iran 40 (20/20) E:56.9 ± 8.1

C:53.6 ± 7.19
Diabetic

kidney
disease

Probiotic soy milk
(Lactobacillus
plantarum A7); Totally
4�109 CFU/d

8 Scr, GFR, TG, TC, LDL-c,
HDL-c

Mafi 2018 [15] Iran 60 (30/30) E:58.9 ± 8.8
C:60.9 ± 4.4

Diabetic
kidney
disease

Probiotic supplements
(Lactobacillus
acidophilus strain ZT-L1,
Bifidobacterium bifidum
strain ZT-B1,
Lactobacillus Reuteri
strain ZT-Lre, and
Lactobacillus fermentum
strain ZT-L3); Totally
8�109 CFU/d

12 Scr, BUN, GFR, 24 h-UP
FPG, Insulin, HOMA-IR,

QUICKI, HbA1c
TG, TC, LDL-c, VLDL-c,

HDL-c
MDA, TAC, GSH, NO,

hs-CRP

Arani 2019 [16] Iran 60 (30/30) E:62.7 ± 9.1
C:60.3 ± 8.5

Diabetic
kidney
disease

Probiotic honey (Bacillus
coagulans T11) Totally
2.5�109 CFU/d

12 Scr, BUN
FPG, Insulin, HOMA-IR,

QUICKI,
TG, TC, LDL-c, VLDL-c,

HDL-c
MDA, TAC, GSH, NO,

hs-CRP
Miraghajani

2019 [20]
Iran 40 (20/20) E:56.90 ± 1.81

C:53.60 ± 1.60
Diabetic

kidney
disease

Probiotic soy milk
(Lactobacillus
plantarum A7); Totally
4�109 CFU/d

8 Cys C, K

Tang 2020 [21] China 90(45/45) E:55.82 ± 6.36
C:56.86 ± 6.41

Diabetic
kidney
disease

Probiotic tablet
(Bifidobacterium,
lactobacillus bulgaricus,
and Live streptococcus
thermophilus); Totally
4.8�107 CFU/d

12 Scr, BUN, Cys C, 24 h-
UP

FPG, HbA1c, 2 h-PBG
LDL-c, HDL-c
MDA, TAC, GSH, NO,

Jiang 2021 [22] China 76(42/34) E:55.96 ± 8.45
C:56.12 ± 8.23

Diabetic
kidney
disease

Probiotic supplements
(Bifidobacterium
bifidum, Lactobacillus
acidophilus,
Streptococcus
thermophilus) Totally
3.2�109 CFU/d

12 GFR, UACR
FPG, HbA1c, 2 h-PBG

Abbreviations: E: intervention; C: control; Scr: serum creatinine; BUN: blood urea nitrogen; GFR: glomerular filtration rate; 24 h-UP: 24-h urine protein;
UACR: urinary albumin/creatinine ratio; Cys C: cystatin C; K: potassium; Na: natrium; FPG: fasting plasma glucose; 2 h-PBG: 2 h postprandial blood glucose;
HbA1c: hemoglobin A1c; HOMA-IR: homeostasis model of assessment-estimated insulin resistance; QUICKI: quantitative insulin sensitivity check index; TG:
triglycerides; TC: total cholesterol; LDL-c: low-density lipoprotein cholesterol; VLDL-c: very low-density lipoprotein cholesterol; HDL-c: high-density lipopro-
tein cholesterol; hs-CRP: serum high-sensitivity C-reactive protein; MDA: malondialdehyde; TAC: total antioxidant capacity; GSH: glutathione; NO:
nitric oxide.
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Table 2. Subgroup analysis of biomarkers.
Biomarkers Subgroup n WMD or SMD (95%CI) I2(%) ap bp cp

Scr Total 6 �0.17 (�0.29, �0.05) 77 0.004 0.0005
Intervention duration� 8weeks 1 �0.14 (�0.20, �0.08) – <0.00001 – 0.58
Intervention duration> 8weeks 5 �0.20 (�0.39, �0.01) 81 0.04 0.0003
Single species 2 �0.15 (�0.20, �0.09) 0 <0.00001 0.32 0.79
Multiple species 4 �0.18 (�0.39,0.04) 84 0.11 0.0003
Dose� 4�109 CFU/d 3 �0.18 (�0.27, �0.08) 17 0.0003 0.30 0.78
Dose> 4�109 CFU/d 3 �0.14 (�0.39, 0.12) 87 0.29 0.0003

BUN Total 5 �1.36 (�2.20, �0.52) 15 0.001 0.32
Single species 1 �0.60 (�2.31, 1.11) – 0.49 – 0.32
Multiple species 4 �1.60 (�2.56, �0.64) 19 0.001 0.30
Dose� 4�109 CFU/d 2 �1.21 (�2.74, 0.33) 59 0.12 0.12 0.81
Dose> 4�109 CFU/d 3 �1.43 (�2.43, �0.43) 9 0.005 0.33

GFR Total 5 4.51 (�0.03, 9.06) 87 0.05 <0.00001
Intervention duration� 8weeks 1 12.70 (6.70, 18.70) – <0.0001 – 0.004
Intervention duration> 8weeks 4 2.33 (�1.39, 6.05) 78 0.22 0.004
Single species 1 12.70 (6.70, 18.70) – <0.0001 – 0.004
Multiple species 4 2.33 (�1.39, 6.05) 78 0.22 0.004
Dose� 4�109 CFU/d 2 5.55 (�8.02, 19.13) 93 0.42 0.0001 0.87
Dose> 4�109 CFU/d 3 4.29 (�1.95, 10.52) 85 0.18 0.001

K Total 3 �0.05 (�0.15, 0.06) 0 0.39 0.83
Intervention duration� 8weeks 1 �0.12 (�0.40, 0.16) – 0.40 – 0.57
Intervention duration> 8weeks 2 �0.03 (�0.15, 0.08) 0 0.56 0.81
Single species 1 �0.12 (�0.40, 0.16) – 0.40 – 0.57
Multiple species 2 �0.03 (�0.15, 0.08) 0 0.56 0.81
Dose� 4�109 CFU/d 1 �0.12 (�0.40, 0.16) – 0.40 – 0.57
Dose> 4�109 CFU/d 2 �0.03 (�0.15, 0.08) 0 0.56 0.81

FPG Total 5 �13.53 (�19.85, �7.21) 48 <0.0001 0.10
Single species 1 �7.30 (�17.33, 2.73) – 0.15 – 0.12
Multiple species 4 �17.63 (�25.78, �9.49) 42 <0.0001 0.16
Dose� 4�109 CFU/d 3 �9.87 (�17.03, �2.72) 34 0.007 0.22 0.03
Dose> 4�109 CFU/d 2 �26.50 (�39.98, �13.02) 0 0.0001 0.78

Insulin Total 3 �3.87 (�7.51, �0.22) 89 0.04 0.0001
Single species 1 �1.10 (�1.89, �0.31) – 0.007 – 0.12
Multiple species 2 �5.64 (�11.32, 0.03) 86 0.05 0.007
Dose� 4�109 CFU/d 1 �1.10 (�1.89, �0.31) – 0.007 – 0.12
Dose> 4�109 CFU/d 2 �5.64 (�11.32, 0.03) 86 0.05 0.007

HbA1c Total 4 �0.12 (�0.20, �0.04) 28 0.002 0.24
Dose� 4�109 CFU/d 2 �0.47 (�0.90, �0.04) 0 0.03 0.83 0.10
Dose> 4�109 CFU/d 2 �0.11 (�0.19, �0.03) 31 0.006 0.23

HOMA-IR Total 3 �1.99 (�3.99, 0.01) 91 0.05 <0.0001
Single species 1 �0.50 (�0.76, �0.24) – 0.0001 – 0.02
Multiple species 2 �2.87 (�4.83, �0.91) 73 0.004 0.06
Dose� 4�109 CFU/d 1 �0.50 (�0.76, �0.24) – 0.0001 – 0.02
Dose> 4�109 CFU/d 2 �2.87 (�4.83, �0.91) 73 0.004 0.06

QUICKI Total 3 0.02 (0.00, 0.03) 93 0.01 <0.00001
Single species 1 0.01 (0.00, 0.01) – 0.002 – 0.28
Multiple species 2 0.03 (�0.01, 0.07) 96 0.18 <0.00001
Dose� 4�109 CFU/d 1 0.01 (0.00, 0.01) – 0.002 – 0.28
Dose> 4�109 CFU/d 2 0.03 (�0.01, 0.07) 96 0.18 <0.00001

TG Total 4 �11.23 (�24.55, 2.10) 74 0.1 0.009
Intervention duration� 8weeks 1 �10.70 (�17.53, �3.87) – 0.002 – 0.84
Intervention duration> 8weeks 3 �13.23 (�36.69, 10.23) 82 0.27 0.004
Single species 2 �8.73 (�15.54, �1.92) 12 0.01 0.29 0.62
Multiple species 2 �20.60 (�66.43, 25.23) 90 0.38 0.001
Dose� 4�109 CFU/d 2 �8.73 (�15.54, �1.92) 12 0.01 0.29 0.62
Dose> 4�109 CFU/d 2 �20.60 (�66.43, 25.23) 90 0.38 0.001

TC Total 5 �6.93 (�11.67, �2.19) 0 0.004 0.66
Intervention duration� 8weeks 2 �7.50 (�14.05, �0.94) 0 0.03 0.97 0.81
Intervention duration> 8weeks 3 �6.32 (�13.16, 0.53) 15 0.07 0.31
Single species 3 �7.52 (�13.11, �1.94) 0 0.008 1.00 0.69
Multiple species 2 �5.40 (�14.36, 3.55) 56 0.24 0.13
Dose� 4�109 CFU/d 3 �7.52 (�13.11, �1.94) 0 0.008 1.00 0.69
Dose> 4�109 CFU/d 2 �5.40 (�14.36, 3.55) 56 0.24 0.13

LDL-c Total 5 �7.14 (�11.03, �3.24) 0 0.0003 0.81
Intervention duration� 8weeks 1 �7.00 (�12.10, �1.90) – 0.007 – 0.94
Intervention duration> 8weeks 4 �7.33 (�13.37, �1.29) 0 0.02 0.66
Single species 2 �7.29 (�11.87, �2.71) 0 0.002 0.80 0.90
Multiple species 3 �6.73 (�14.15, 0.68) 0 0.08 0.47
Dose� 4�109 CFU/d 3 �7.61 (�12.01, �3.20) 0 0.0007 0.85 0.65
Dose> 4�109 CFU/d 2 �5.45 (�13.78, 2.89) 7 0.20 0.30

VLDL-c Total 3 �2.67 (�7.36, 2.01) 82 0.26 0.004
Single species 1 �0.60 (�3.23, 2.03) – 0.66 – 0.47
Multiple species 2 �4.12 (�13.33, 5.08) 90 0.38 0.001

(continued)
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significant impact on improving Cys C levels
(WMD¼�29.50ng/mL; 95%CI¼�32.82, �26.18;
p< 0.00001) with no heterogeneity (I2 ¼ 0%, p¼ 0.86)
(Figure 3(f)).

2.2.7. Potassium
Three RCTs [8,21,23] examined the effects of probiotics on
K levels among 236 patients with DKD (intervention, 118;
control, 118). The pooled results indicated that there
was no significant decrease in the K levels compared
to that in the control groups (WMD¼�0.05mmol/L;
95%CI¼�0.15, 0.06; p¼ 0.39). The pooled results were
not heterogeneous (I2 ¼ 0%, p¼ 0.83) (Figure 3(g)).
Subgroup analyses based on intervention duration, pro-
biotic dose and probiotic consumption patterns were not
statistically significant (p> 0.05) (Table 2).

2.2.8. Natrium
Two RCTs [7,13] analyzed the effects of probiotics on
Na levels with 196 participants (intervention, 98; con-
trol, 98). Data pooling showed that there was a signifi-
cant reduction in Na levels following probiotic
administration (WMD¼�0.94mmol/L; 95%CI¼�1.82,
�0.05; p¼ 0.04). Heterogeneity did not exist between
studies (I2 ¼ 0%, p¼ 0.79) (Figure 3(h)).

2.3. Effects of probiotics on glucose metabolism

2.3.1. Fasting plasma glucose
Five studies [8,17–20], with 346 participants (interven-
tion, 177; control, 169), reported the effects of probiot-
ics on FPG. The results showed that the difference in
FPG reduction between the probiotics-treated groups
and control groups was significant (WMD¼�13.53mg/

Table 2. Continued.
Biomarkers Subgroup n WMD or SMD (95%CI) I2(%) ap bp cp

Dose� 4�109 CFU/d 1 �0.60 (�3.23, 2.03) – 0.66 – 0.47
Dose> 4�109 CFU/d 2 �4.12 (�13.33, 5.08) 90 0.38 0.001

HDL-c Total 5 2.71 (0.47, 4.97) 81 0.02 0.0003
Intervention duration� 8weeks 1 0.21 (�1.49, 1.91) – 0.81 – 0.04
Intervention duration> 8weeks 4 3.49 (0.81, 6.17) 79 0.01 0.002
Single species 2 0.89 (�0.27, 2.04) 7 0.13 0.30 0.05
Multiple species 3 4.41 (1.12, 7.69) 73 0.009 0.03
Dose� 4�109 CFU/d 3 1.79 (�0.50, 4.08) 70 0.12 0.04 0.45
Dose> 4�109 CFU/d 2 3.67 (�0.63, 7.98) 84 0.09 0.01

hs-CRP Total 3 �1.55 (�2.19, �0.91) 0 <0.00001 0.76
Single species 1 �1.70 (�2.99, �0.41) – 0.01 – 0.79
Multiple species 2 �1.50 (�2.23, �0.77) 0 <0.0001 0.49
Dose� 4�109CFU/d 1 �1.70 (�2.99, �0.41) – 0.01 – 0.52
Dose> 4�109CFU/d 2 �2.76 (�5.68, 0.17) 87 0.06 0.006

MDA Total 5 �0.66 (�1.16, �0.16) 95 0.01 <0.00001
Intervention duration� 8weeks 1 0.01 (�0.07, 0.09) – 0.79 – <0.00001
Intervention duration> 8weeks 4 �0.77 (�0.94, �0.61) 0 <0.00001 0.48
Single species 2 �0.31 (�1.01, 0.38) 91 0.37 0.001 0.19
Multiple species 3 �0.80 (�1.01, �0.59) 13 <0.00001 0.32
Dose� 4�109 CFU/d 3 �0.51 (�1.18, 0.16) 95 0.13 <0.00001 0.43
Dose> 4�109 CFU/d 2 �0.85 (�1.35, �0.34) 41 0.001 0.19

TAC Total 5 0.64 (0.41, 0.87) 49 <0.00001 0.10
Intervention duration� 8weeks 1 0.61 (�0.02, 1.25) – 0.06 – 0.93
Intervention duration> 8weeks 4 0.64 (0.39, 0.89) 61 <0.00001 0.05
Single species 2 0.41 (0.02, 0.81) 0 0.04 0.43 0.18
Multiple species 3 0.75 (0.47, 1.03) 63 <0.00001 0.07
Dose� 4�109 CFU/d 3 0.74 (0.44, 1.04) 69 <0.00001 0.04 0.29
Dose> 4�109 CFU/d 2 0.49 (0.12, 0.85) 0 0.009 0.64

NO Total 4 3.33 (�1.67, 8.33) 89 0.19 <0.00001
Single species 1 �0.50 (�1.45, 0.45) – 0.30 – 0.03
Multiple species 3 5.26 (0.25, 10.27) 69 0.04 0.04
Dose� 4�109 CFU/d 2 4.17 (�5.32, 13.66) 96 0.39 <0.00001 0.82
Dose> 4�109 CFU/d 2 2.98 (�0.12, 6.08) 0 0.06 0.66

GSH Total 4 72.74 (24.19, 121.28) 74 0.003 0.010
Intervention duration� 8weeks 1 111.3 (76.02, 146.58) – <0.00001 – 0.10
Intervention duration> 8weeks 3 56.52 (1.17, 111.87) 65 0.05 0.06
Single species 2 71.26 (�9.08, 151.60) 88 0.08 0.004 0.97
Multiple species 2 73.23 (�8.51, 154.97) 68 0.08 0.08
Dose� 4�109 CFU/d 2 71.26 (�9.08, 151.60) 88 0.08 0.004 0.97
Dose> 4�109 CFU/d 2 73.23 (�8.51, 154.97) 68 0.08 0.08

ap values for effect value; bp values for heterogeneity within each subgroup; cp values for between subgroup heterogeneity. (p< 0.05 indicate significant
differences). Abbreviations refer to Table 1.
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dL; 95%CI¼�19.85, �7.21; p< 0.0001). No heterogen-
eity was recognized (I2 ¼ 48%, p¼ 0.10) (Figure 4(a)).
Further subgroup analysis demonstrated that the
results based on multiple species probiotics
(WMD¼�17.63mg/dL, p< 0.0001) and probiotic dose
> 4�109 CFU/d (WMD¼�26.50mg/dL, p¼ 0.0001)
were statistically significant (Table 2).

2.3.2. 2 h postprandial blood glucose
Two studies [18,19] reported the effect of probiotics on
2 h-PBG among 166 participants (intervention, 87; con-
trol, 79) with no heterogeneity (I2 ¼ 0%, p¼ 0.44).
There was no significant decrease in the 2 h-PBG levels
compared to controls (WMD¼�0.75mmol/L;
95%CI¼�1.63, 0.12; p¼ 0.09) (Figure 4(b)).

2.3.3. Insulin
The effects of probiotics on insulin were evaluated in
180 participants (intervention, 90; control, 90) from
three studies [8,17,20]. There was heterogeneity
between studies (I2 ¼ 89%, p¼ 0.0001). The results
demonstrate that the reduction in insulin was statistic-
ally significant (WMD¼�3.87 uIU/mL, 95%CI¼�7.51,
�0.22; p¼ 0.04) (Figure 4(c)). By using sensitivity ana-
lysis, the Soleimani et al. study [8] contributed to the
heterogeneity. Upon the exclusion, the heterogeneity
was reduced (I2 ¼ 53%, p¼ 0.15), but the effect of pro-
biotics on insulin became nonsignificant (WMD¼�1.66
uIU/mL; p¼ 0.05). The subgroup analysis did not have a
good explanation for the source of heterogeneity
(Table 2).

2.3.4. Hemoglobin A1c
Four studies [8,17–19] with a total sample of 286 partic-
ipants (intervention, 147; control, 139) measured the
HbA1c between the intervention and control groups.
The meta-analysis showed that there was a statistically
significant difference in HbA1c (WMD¼�0.12%,
95%CI¼�0.20, �0.04; p¼ 0.002). There was evidence
of no heterogeneity (I2 ¼ 28%, p¼ 0.24) (Figure 4(d)).
Interestingly, the subgroup analysis found that pro-
biotic dose � 4�109 CFU/day had more apparent
improvement (WMD¼�0.47%, p¼ 0.03) (Table 2).

2.3.5. Homeostasis model of assessment-estimated
insulin resistance
Three RCTs [8,17,20], involving 180 participants (inter-
vention, 90; control, 90), were included to evaluate the
impact of probiotics on HOMA-IR. The results showed
that there was no significant difference in HOMA-IR
(WMD¼�1.99, 95%CI¼�3.99, 0.01; p¼ 0.05) with het-
erogeneity (I2 ¼ 91%, p< 0.0001) (Figure 4(e)).

However, after removing the Arani et al. study [20], the
overall results turned statistically significant by using
sensitivity analysis (WMD¼�2.87; p¼ 0.004) and the
heterogeneity was reduced (I2 ¼ 73%, p¼ 0.06).
Performing subgroup analysis showed that the effects
of HOMA-IR in studies with multiple species probiotic
and probiotic doses > 4�109 CFU/day were more obvi-
ous (WMD¼�2.87; p¼ 0.004) (Table 2).

2.3.6. Quantitative insulin sensitivity check index
Three RCTs [8,17,20], involving 180 participants (inter-
vention, 90; control, 90), reported QUICKI as the out-
come biomarker. Our analysis suggested that probiotics
had a significant impact on QUICKI (WMD ¼ 0.02,
95%CI ¼ 0.00, 0.03; p¼ 0.01). There was heterogeneity
between these studies (I2 ¼ 93%, p< 0.00001) (Figure
4(f)). A sensitivity analysis showed that the high hetero-
geneity was derived from the Soleimani et al. study [8].
The omission of the study reduced the heterogeneity
(I2 ¼ 0%, p¼ 0.47). And the reduction in QUICKI was still
significant (WMD ¼ 0.01; p< 0.0001). Subgroup analysis
based on probiotic dose and probiotic consumption
patterns did not reveal the source of heterogeneity
(Table 2).

2.4. Effects of probiotics on lipid metabolism

2.4.1. Triglycerides
Four studies [8,17,20,24], involving 220 participants
(intervention, 110; control, 110), reported the effects of
probiotics on TG. Heterogeneity was recognized (I2 ¼
74%, p¼ 0.009). The meta-analysis of these studies
revealed that the effect of probiotics on TG was
not significantly reduced in patients with DKD
(WMD¼�11.23mg/dL, 95%CI¼�24.55, 2.10; p¼ 0.10)
(Figure 5(a)). A sensitivity analysis showed that the het-
erogeneity was derived from the Mafi et al. study [17].
A heterogeneity became an acceptable level after
removing it (I2 ¼ 26%, p¼ 0.26). And a significant
reduction in the TG could be observed
(WMD¼�6.45mg/dL, p¼ 0.09). Subgroup analysis
could not find the source of heterogeneity. And the
intervention duration � 8weeks (WMD¼�10.70mg/
dL, p¼ 0.002), probiotic dose � 4�109 CFU/day
(WMD¼�8.73mg/dL, p¼ 0.01) and single-species pro-
biotics (WMD¼�8.73mg/dL, p¼ 0.01) were statistically
significant but were inferior to the overall results
(Table 2).

2.4.2. Total cholesterol
Five studies [8,17,20,24,25] reported TC levels from 260
participants (intervention, 130; control, 130).
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Figure 4. Effects of probiotics on biomarkers of glucose metabolism. (a) FPG. (b) 2h-PBG. (c) Insulin. (d) HbA1c. (e) HOMA-IR. (f)
QUICKI. Abbreviations refer to Table 1.
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Figure 5. Effects of probiotics on biomarkers of lipid metabolism. (a) TG. (b) TC. (c) LDL-c. (d) VLDL-c. (e) HDL-c. Abbreviations
refer to Table 1.
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Heterogeneity between studies was not recognized (I2

¼ 0%, p¼ 0.66). Meta-analysis showed a significant
reduction in TC in response to probiotics
(WMD¼�6.93mg/dL, 95%CI¼�11.67, �2.19;
p¼ 0.004) (Figure 5(b)). Our study indicated that the
decreased TC was more apparent in intervention dur-
ation � 8weeks (WMD¼�7.50mg/dL, p¼ 0.03), pro-
biotic doses � 4�109 CFU/day (WMD¼�7.52mg/dL,
p¼ 0.008) and single species probiotics
(WMD¼�7.52mg/dL, p¼ 0.008). Interestingly, these
results were better than the overall results (Table 2).

2.4.3. Low-density lipoprotein cholesterol
Five studies [8,17,19,20,24] of 310 participants (interven-
tion, 155; control, 155) were included to compare LDL-c
levels in patients with DKD. Heterogeneity between
those five studies was not recognized (I2 ¼ 0%,
p¼ 0.81). There was an obvious decline in the LDL-c
levels in patients with DKD after probiotics
(WMD¼�7.14mg/dL, 95%CI¼�11.03, �3.24;
p¼ 0.0003) (Figure 5(c)). Subgroup analysis suggested
that probiotics was more significantly reduced LDL-c
after an intervention duration > 8weeks
(WMD¼�7.33mg/dL, p¼ 0.02). However, probiotic
doses � 4�109 CFU/day (WMD¼�7.61mg/dL,
p¼ 0.0007) and single species probiotics
(WMD¼�7.29mg/dL, p¼ 0.002) were better than the
overall results (Table 2).

2.4.4. Very low-density lipoprotein cholesterol
A meta-analysis evaluating the effect of probiotics on
serum VLDL-c levels in patients with DKD was
performed with data from three RCTs [8,17,20] (inter-
vention, 90; control, 90). There was a significant
between-study heterogeneity (I2 ¼ 82%, p¼ 0.004). Our
analysis showed that compared with the control, probi-
otics did not lead to a considerable decrease in serum
VLDL-c levels in patients with DKD (WMD¼�2.67mg/
dL, 95%CI¼�7.36, 2.01; p¼ 0.26) (Figure 5(d)). After
using sensitivity analysis, the overall effect was not sig-
nificantly different, but the heterogeneity improved
after removing the Mafi et al. study [17] (I2 ¼ 0%,
p¼ 0.64). Subgroup analysis suggested that no signifi-
cant changes were observed in VLDL-C based on pro-
biotic dose and probiotic consumption patterns
(p> 0.05), which could not explain the source of het-
erogeneity (Table 2).

2.4.5. High-density lipoprotein cholesterol
Data from a total of 310 participants (intervention, 155;
control, 155) of five RCTs [8,17,19,20,24] were used to
assess the impact of probiotics on HDL-c.

Heterogeneity was found (I2 ¼ 81%, p¼ 0.0003). Our
study found that probiotics were positively associated
with an increased level of serum HDL-c in patients with
DKD (WMD ¼ 2.72mg/dL, 95%CI ¼ 0.47, 4.97; p¼ 0.02)
(Figure 5(e)). The results of the sensitivity analysis
showed that the heterogeneity may be derived from
the Mafi et al. study [17]. The exclusion of the study
reduced the heterogeneity to 55%, revealing that there
was no significant reduction in the HDL-c (WMD ¼
1.56mg/dL; p¼ 0.07). Subgroup analysis showed that
there was a statistically significant difference in multiple
species probiotic (WMD ¼ 4.41mg/dL, p¼ 0.009) and
intervention duration > 8weeks (WMD ¼ 3.49mg/dL,
p¼ 0.01), which were better than the overall results
(Table 2).

2.5. Effects of probiotics on inflammation and
oxidative stress

2.5.1. High-sensitivity C-reactive protein
The pooled results of three eligible studies [8,17,20]
(intervention, 90; control, 90) revealed that probiotics
decreased the hs-CRP of patients with DKD
(WMD¼�1.55mg/L, 95%CI¼�2.19, �0.91;
p< 0.00001). Statistical heterogeneity was not identi-
fied (I2 ¼ 0%, p¼ 0.76) (Figure 6(a)). Our study showed
that the decreased hs-CRP was statistically significant in
multiple species probiotics (WMD¼�1.50mg/L,
p< 0.0001) (Table 2).

2.5.2. Malondialdehyde
Five eligible studies [8,17,19,20,25] (intervention, 155;
control, 155) showed that probiotics were associated
with a reduced concentration of MDA in patients with
DKD (WMD¼�0.66 ummol/L, 95%CI¼�1.16, �0.16;
p¼ 0.01). The test for heterogeneity was statistically sig-
nificant (I2¼95%, p< 0.00001) (Figure 6(b)). A sensitivity
analysis found that the heterogeneity was derived from
the Miraghajani et al. study [25]. The heterogeneity
became an acceptable level after removing it (I2 ¼ 0%,
p¼ 0.48). The reduction in the MDA concentration as a
result of probiotics was still significant (WMD¼�0.77
ummol/L; p< 0.00001). According to subgroup analysis,
the impact of probiotics on MDA reduction was more
apparent in intervention durations > 8weeks
(WMD¼�0.77 ummol/L, p< 0.00001), probiotic doses
> 4�109 CFU/day (WMD¼�0.85 ummol/L, p¼ 0.001)
and multiple species probiotics (WMD¼�0.80 ummol/
L, p< 0.00001) (Table 2).
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Figure 6. A. Effects of probiotics on inflammation and oxidative stress. (a) hs-CRP. (b) MDA. (c) TAC. (d) GSH. (e) NO.
Abbreviations refer to Table 1.
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2.5.3. Total antioxidant capacity
Due to the different measurement units, the SMD was
used. Five studies [8,17,19,20,25] (intervention, 155;
control, 155) reported TAC, which was significantly dif-
ferent between groups (SMD ¼ 0.64, 95%CI ¼ 0.41,
0.87; p< 0.00001). There was no significant heterogen-
eity among the included studies (I2 ¼ 49%, p¼ 0.10)
(Figure 6(c)). Subgroup analysis showed that the impact
of probiotics on TAC toward the subsets of ‘intervention
duration > 8weeks’ (SMD ¼ 0.64, p< 0.00001) and mul-
tiple species probiotics (SMD ¼ 0.75, p< 0.00001) was
no less than the overall results (Table 2).

2.5.4. Glutathione
The pooled of four studies [8,17,20,25] (intervention,
110; control, 110) showed a significant difference in
GSH in the two groups (WMD ¼ 72.74mmol/L, 95%CI
¼ 24.19, 121.18; p¼ 0.003). Meta-analysis of GSH indi-
cated statistical heterogeneity was found (I2 ¼ 74%,
p¼ 0.01) (Figure 6(d)). Due to the heterogeneity, we
conducted sensitivity analysis and subgroup analysis to
identify possible sources. However, that could not
explain the between-study heterogeneity (Table 2).

2.5.5. Nitric oxide
Four studies [8,17,19,20] (intervention, 135; control,
135) for NO levels indicated that there was no signifi-
cant difference in the probiotics group compared with
the control group (WMD ¼ 3.33 ummol/L,
95%CI¼�1.67, 8.33; p¼ 0.19). Significant heterogeneity
was found in the meta-analysis (I2 ¼ 89%, p< 0.00001)
(Figure 6(e)). Sensitivity analysis showed that the overall
results turned statistically significant (WMD ¼ 5.26,
95%CI ¼ 0.25, 10.27; p¼ 0.04) after the removal of the
Arani et al study [20] with the heterogeneity (I2 ¼ 69%,
p¼ 0.04). Subgroup analysis found that there was a
more apparent improvement when multiple species
probiotics were used (WMD ¼ 5.26 ummol/L, p¼ 0.04)
(Table 2).

2.6. Publication bias

We examined publication bias by performing Egger’s
test (quantitative). For improving inflammation and oxi-
dative stress, our analysis revealed a significant differ-
ence in publication bias in hs-CRP and MDA (p¼ 0.021
and p¼ 0.033, respectively), but revealed no significant
differences of publication bias in TAC, NO, and GSH
(p> 0.05). For improving blood glucose, our analysis
found that there was a publication bias in FBG and
HbA1c (p¼ 0.004 and p¼ 0.004, respectively), but there
was no evidence of publication bias for insulin, HOMA-

IR, and QUICKI (p> 0.05). For improving renal function
and blood lipids, our analysis showed no significant
publication bias (p> 0.05) (Table 3).

3. Discussion

Regarding the beneficial effects of probiotics and the
relationship between the imbalance of gut bacteria and
the development of DKD, several studies have showed
that probiotics are recommended for patients with
DKD. The bacterial diversity, relatively distinct bacterial
taxa at different levels, bacterially derived metabolites,
and gut permeability in patients with DKD compared
with healthy individuals, which were underlying mecha-
nisms involving a vicious cycle of gut dysbiosis and
DKD [26]. This meta-analysis, including 10 RCTs with a
total of 552 participants, showed that compared with
the control, probiotics in patients with DKD significantly
ameliorated their renal function injury, improved bio-
markers of glucose homeostasis and lipid metabolism,
and benefited the improvement of inflammation and
oxidative stress. In addition, our subgroup analysis
revealed that probiotic intake patterns, probiotic dose,
and duration of intervention affected the biomarkers.

Our meta-analysis demonstrated that probiotics
could markedly delay the increase in Scr, BUN, Cys-c,
UACR and Na in patients with DKD but had no effect
on GFR, 24 h-TP, and K. Subgroup analysis revealed that
when the intervention duration was longer than
8weeks or the probiotic dose was not more than four
billion CFU/day, Scr had a more apparent decrease.
Interestingly, improvement of BUN after probiotic treat-
ment was shown when probiotic doses administered
were more than four billion CFU/day and multiple spe-
cies probiotics were used, which might be due to multi-
strain probiotics having synergistic interactions among
different strains or a higher concentration of live cul-
tures [27]. The majority of patients with DKD have dis-
turbances in gastrointestinal tract mucus and the
intestinal ecosystem, and have higher levels of aerobic
bacteria such as Escherichia coli and lower levels of
anaerobic microorganisms such as Lactobacillus and
Bifidobacterium. Aerobic bacteria contribute to the high
production of urea and an increased in pH levels.
Lactobacillus and Bifidobacterium could decrease the pH
through fermentation of carbohydrates, which prevents
the proliferation of aerobic bacteria in the gut and pro-
motes a balanced microbiota in the gut [28–30].
Furthermore, the urease activity of special probiotic
species, such as Bacteroides, might improve urea deg-
radation [31]. Probiotics enhance renal functions by
reducing inflammation and pro-inflammatory cytokines,
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alleviating glomerular, and renal tubulointerstitial dam-
age [32]. Moreover, probiotics provide sufficient sub-
strates for the intestinal flora and promote the
nitrogen-based growth of saccharolytic bacteria, there-
fore decreasing production of uremic toxins and pre-
venting the aggravation of renal function loss [33]. The
review by Vlachou [9] demonstrated the positive impact
of probiotics on DKD without any major adverse events.
Meta-analysis of Firouzi [34] between probiotics and
blood parameters of renal function found that probiot-
ics had a significant decrease in BUN, particularly when
the intervention duration was less than 12weeks and
multi-strain probiotics were received. There were three
meta-analyses of the association between probiotics
and DKD. Tarrahi [12] showed that probiotics could
reduce Scr, but BUN and GFR were no statistically sig-
nificant changes. AbdelQadir [11] found that Scr, BUN,
GFR, K and Na were nonsignificant between probiotic
and control treatment, while the effect on Scr became
significant after resolving heterogeneity by excluding
one study. Wang [35] found that probiotics resulted in
significant change in GFR, Scr, and BUN. The reason for
the contradictory results was related to different sample
sizes. Compared to previous studies, the number of
subjects in our meta-analysis obtained increased.
However, the reason that low-dose probiotics were
more beneficial for Scr remained unclear and warrants
further investigation.

Our meta-analysis revealed that probiotics improved
glucose metabolism by regulating FPG, HbA1c, HOMA-
IR, and QUICKI. However, there was no significat differ-
ence in 2 h-PBG and insulin. Further subgroup analysis

showed that when multiple species probiotics were
used or the probiotic dose was more than four billion
CFU/d, FPG and HOMA-IR were more apparently
reduced. However, Surprisingly, a dosage of <4�109
CFU/day led to a more apparent significant decrease in
HbA1c levels. HbA1c reflects the average level of blood
glucose control over the past 2–3months. The short
intervention duration may account for the benefit of
low-doses of HbA1c. In addition, the small number of
trials in each subgroup or differences in probiotic
strains may also be responsible. The mechanism of the
hypoglycemic effect was that probiotics could affect
intestinal flora to insulinotropic polypeptides and gluca-
gon-like peptide-l (GLP-1), while these peptides induce
glucose uptake by muscle [36]. Improved parameters of
glucose homeostasis by probiotics might be due to
reduced cytokines and suppression of the nuclear factor
j-light chain enhancer of the activated B-cells pathway
[37]. Moreover, probiotics interact with gut flora and
consequently produce metabolites such as short-chain
fatty acids (SCFA) and bile acids, which could improve
glycemic control and insulin sensitivity. Probiotics also
regulate the secretion of proinflammatory mediators
such as tumor necrosis factor-a, interleukin-6, and intes-
tinal GLP-1 to improve glucose metabolism [38–40].
Tarrahi [12] reported a significant reduction in FPG and
HOMA-IR in patients with DKD, with no significance for
HbA1c, insulin, and QUICKI. AbdelQadir [11] showed a
significant reduction in insulin with no effect on HOMA-
IR, which is contrary to our results. It was associated
with high heterogeneity. Neither sensitivity analysis nor
subgroup analysis could better address heterogeneity,
so the results should be interpreted with cautious.

In our study, a reduction in DKD-deteriorating risk
factors, including TG, TC and LDL-c were observed.
Further subgroup analysis showed that consuming sin-
gle species probiotics and taking the probiotic dosage
of <4�109 CFU/d resulted in a higher reduction in TC
and LDL-c. The duration of intervention presented
contradictory results for TC and LDL-c, with long-term
benefiting LDL-c and short-term benefiting TC. Some
studies have demonstrated that probiotics intake could
inhibit the host absorption of dietary cholesterol and
suppress the reabsorption of bile acid in the small intes-
tine [41]. Probiotics may help break down food-derived
indigestible carbohydrates and increase the production
of SCFA [42]. The resultant SCFAs could contribute to
decreasing the cholesterol concentrations, either by
inhibiting hepatic cholesterol synthesis or redistributing
cholesterol from plasma to the liver [42]. SCFA also
could regulate hormones controlling energy production
and consumption (e.g., leptin and ghrelin). In addition,

Table 3. Egger’s test for publication bias.
Biomarkers N I2 Egger’s test (p value)

Scr 6 0.004 0.372
BUN 5 0.001 0.403
GFR 5 0.05 0.155
Cys c 2 <0.00001 –
24 h-UP 2 0.36 –
UACR 2 0.004 –
K 3 0.39 0.837
Na 2 0.04 –
FPG 5 <0.0001 0.004
2 h PBG 2 0.09 –
HbA1c 4 0.002 0.004
Insulin 3 0.04 0.235
HOMA-IR 3 0.05 0.220
QUICKI 3 0.01 0.100
TG 4 0.1 0.744
TC 5 0.004 0.938
LDL-c 5 0.0003 0.790
VLDL-c 3 0.26 0.312
HDL-c 5 0.02 0.321
hs-CRP 3 <0.00001 0.021
MDA 5 0.01 0.033
TAC 5 <0.00001 0.405
NO 4 0.19 0.303
GSH 4 0.003 0.614

Abbreviations refer to Table 1.
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SCFA could improve insulin sensitivity and lipid profile
by stimulating peptide YY and GLP-1 expression, which
slows down digestive transit time, and by upregulating
tight junction proteins and GLP-2, which decreases
intestinal permeability [43,44]. Toll-like receptor 4 acti-
vation may explain the beneficial probiotic’s impact on
the serum lipid profile [45]. AbdelQadir [11] found a
marginally significant reduction in LDL but no benefits
in TG, TC, LDL-c, and HDL-c. Moravejolahkami [10] indi-
cated that lipid biomarkers such as TG, TC, LDL-c and
HDL-c had a marginal reduction, but had no statistical
significance (p> 0.05). The results of the above two
meta-analyses were different from our results, perhaps
due to the increase in our sample size and treatment
heterogeneity. In addition, a meta-analysis [46] on
T2DM patients showed that probiotics significantly
decreased the serum levels of TC, TG and LDL-c com-
pared with the control group, which gave support to
our results. The effect of a single-species probiotic was
better than a mixture of bacteria in TC and LDL-c. It
may be that these different species inhibited each
other, possibly by the production of antagonistic
agents, or by competition for either nutrients or bind-
ing sites within the gastrointestinal tract [47].
Regarding the effect of different doses and intervention
durations on the lipid profile, there was no clear mech-
anism, which needs further study.

Our meta-analysis revealed that probiotics signifi-
cantly improved the levels of hs-CRP, MDA, TAC, GSH
and NO in patients with DKD. Subgroup analysis sug-
gested that among those used multi-strain probiotics,
took high probiotics dosages or received the long-term
intervention, there was a more apparent improvement
in MDA, TAC and NO. Different probiotic bacterial
strains could exert antioxidant effects with several sug-
gested mechanisms including the following: (1)
Probiotics can increase the production of SCFA in the
gut and SCFA may block the enzymatic synthesis of
hepatic CRP; (2) Probiotics can capture metal ions such
as ferrous and cupric ions, which prevent metal ions
from catalyzing oxidation processes; (3) Probiotics can
make use of their antioxidant enzymatic systems such
as superoxide dismutase and catalase; (4) Probiotics can
produce various metabolites with antioxidant proper-
ties such as GSH, butyrate and folate; (5) Probiotics can
protect against oxidative stress via regulation of the
Nrf2-Keap1-ARE, mitogen-activated protein kinase,
nuclear factor-jB and protein kinase C pathways; (6)
Probiotics also can regulate the enzymes responsible
for the production of ROS, which decreased the activity
of the NADPH oxidase, cyclooxygenase and cytochrome
P450 enzymes [48–50]. Similar to our findings,

probiotics significantly reduced serum hs-CRP and MDA
levels and increased oxidative parameters such as TAC,
NO, and GSH in T2DM patients and subgroup analysis
showed that an intervention duration of 12weeks
resulted in improvement by significantly increasing TAC
levels and decreasing MDA levels [51]. Bohlouli [52] and
Wang [35] showed that probiotics had a beneficial
effect on inflammation and oxidative stress biomarkers
by significantly reducing hs-CRP and MDA as well as
increasing GSH and TAC, but there was no significant
effect on NO. Subgroup analysis indicated that the
overall effects of probiotics on serum TAC levels may
be more pronounced at probiotic doses > 5 billion
CFU/day. AbdelQadir [11] found that probiotics did not
affect GSH, and NO but reduced hs-CRP, and MDA lev-
els and increased the TAC levels.

Our meta-analysis has several limitations: Firstly, the
number of RCTs included in the study was relatively
small and studies included in this meta-analysis had fol-
low-up periods ranging from 8 to 12weeks, which were
relatively short-term. Secondly, the patients included in
this meta-analysis were different in ethnicity, eligibility
criteria, disease progression, types and dosages of pro-
biotics taken and follow-up times, which may have
impacted our findings. Thirdly, the meta-analysis was
not registered online. Finally, bias was inevitable. RCT,
which reduces the bias to a certain extent, was ana-
lyzed in this meta-analysis, but the quality of the litera-
ture was reduced due to the differences in
experimental design and measurement methods.
The subgroup analysis also had some limitations. The
limited number of included studies resulted in tiny sub-
groups, which weakened the generalizability of out-
comes. Despite the above shortcomings, the reliability
of this meta-analysis was strengthened by minimized
incorporation of biased literature, rigorous data extrac-
tion, strong statistical analysis, stringent inclusion crite-
ria and bias and sensitivity analysis. The results of this
study are still worthy of clinical reference.

4. Conclusion

Our meta-analysis based on ten RCTs demonstrated
that probiotics among patients with DKD had a benefi-
cial effect on the metabolic indicators including renal
function (Scr, BUN, Cys-c, UACR, Na), glucose homeosta-
sis (FPG, HbA1c, HOMA-IR, QUICKI), lipid metabolism
(TG, TC, LDL-c), inflammation and oxidative stress (hs-
CRP, MDA, TAC, GSH, NO). Subgroup analysis revealed
that a significant change was likewise observed for
high-doses in BUN, FPG, HOMA-IR, MDA, multi-stain
probiotics in BUN, FPG, HOMA-IR, HDL-c, MDA, TAC, NO,
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and long- term in Scr, LDL-c, HDL-c, MDA, TAC.
However, a larger sample size, polycentric, and long-
term follow-up RCTs will be necessary for the future to
further clarify the therapeutic effects of probiotics on
patients with DKD. Probiotics could become an effect-
ive and low-cost treatment for patients with DKD.

Ethical approval

The research was conducted ethically in accordance with the
World Medical Association Declaration of Helsinki.

Author contributions

B.Y. was responsible for the study concept and design, con-
trolling the quality of meta-analysis. YL.D. and JJ.Q. per-
formed the literature search and data extraction. YF.L.
checked the content of data extraction. YL.D., JJ.Q. LL.X and
YF.L. analyzed and interpreted the data. YL.D. drafted the
manuscript and submitted meta-analysis to magazine.

Disclosure statement

No potential conflict of interest was reported by
the author(s).

Funding

This work was supported by the National Natural Science
Foundation of China [82070759] and the Natural Science
Foundation of Hunan Province [2021JJ31032].

References

[1] Opazo-R�ıos L, Mas S, Mar�ın-Royo G, et al. Lipotoxicity
and diabetic nephropathy: novel mechanistic insights
and therapeutic opportunities. IJMS. 2020;21(7):862.

[2] Samsu N. Diabetic nephropathy: challenges in patho-
genesis, diagnosis, and treatment. Biomed Res Int.
2021;2021:1–17.

[3] Thomas B. The global burden of diabetic kidney dis-
ease: time trends and gender gaps. Curr Diab Rep.
2019;19(4):18.

[4] Li R, Bilik D, Brown MB, et al. Medical costs associated
with type 2 diabetes complications and comorbidities.
Am J Manag Care. 2013;19(5):421–430.

[5] Roobab U, Batool Z, Manzoor MF, et al. Sources, for-
mulations, advanced delivery and health benefits of
probiotics. Curr Opin Food Sci. 2020;32:17–28.

[6] Bahreini-Esfahani N, Moravejolahkami AR. Can synbi-
otic dietary pattern predict lactobacillales strains in
breast milk? Breastfeed Med. 2020;15(6):387–393.

[7] Koppe L, Mafra D, Fouque D. Probiotics and chronic
kidney disease. Kidney Int. 2015;88(5):958–966.

[8] Soleimani A, Zarrati Mojarrad M, Bahmani F, et al.
Probiotic supplementation in diabetic hemodialysis

patients has beneficial metabolic effects. Kidney Int.
2017;91(2):435–442.

[9] Vlachou E, Ntikoudi A, Govina O, et al. Effects of pro-
biotics on diabetic nephropathy: a systematic review.
Curr Clin Pharmacol. 2020;15(3):234–242.

[10] Moravejolahkami AR, Hojjati Kermani MA, Balouch
Zehi Z, et al. The effect of probiotics on lipid profile &
anthropometric indices in diabetic nephropathy; a sys-
tematic review and Meta-analysis of clinical trials. J
Diabetes Metab Disord. 2021;20(1):893–904.

[11] AbdelQadir YH, Hamdallah A, Sibaey EA, et al. Efficacy
of probiotic supplementation in patients with diabetic
nephropathy: a systematic review and Meta-analysis.
Clin Nutr ESPEN. 2020;40:57–67.

[12] Tarrahi MJ, Namjoo I, Borzoo-Isfahani M, et al. Can
probiotics supplementation improve glycemic & renal
status in diabetic nephropathy? A systematic review
and Meta-analysis of clinical trials. Endocr Metab
Immune Disord Drug Targets. 2022;22(1):143–158.

[13] Viera AJ, Garrett JM. Understanding interobserver
agreement: the kappa statistic. Fam Med. 2005;37(5):
360–363.

[14] Higgins J, Thomas J, Chandler J, et al. editors.
Cochrane handbook for systematic reviews of inter-
ventions version 6.2. (updated February 2021).
Cochrane; 2021. Available from: www.training.
cochrane.org/handbook.

[15] Ioannidis JP, Trikalinos TA. The appropriateness of
asymmetry tests for publication bias in meta-analyses:
a large survey. CMAJ. 2007;176(8):1091–1096.

[16] Kang DY, Hong Q, Liu GJ, et al. Identification and
treatment of publication bias in meta-analysis. Chin J
Evid-Based Med. 2003;3(1):45–49.

[17] Mafi A, Namazi G, Soleimani A, et al. Metabolic and
genetic response to probiotics supplementation in
patients with diabetic nephropathy: a randomized,
double-blind, placebo-controlled trial. Food Funct.
2018;9(9):4763–4770.

[18] Jiang H, Zhang Y, Xu D, et al. Probiotics ameliorates
glycemic control of patients with diabetic nephrop-
athy: a randomized clinical study. J Clin Lab Anal.
2021;35(4):e23650.

[19] Tang W, Liu N, Fang YY. Effect of probiotics supple-
mentation on the risk of disease progression in elderly
diabetic nephropathy patients. Chin J Microecol. 2020;
32(5):570–574.

[20] Mazruei Arani N, Emam-Djomeh Z, Tavakolipour H,
et al. The effects of probiotic honey consumption on
metabolic status in patients with diabetic nephrop-
athy: a randomized, double-blind, controlled trial.
Probiotics Antimicrob Proteins. 2019;11(4):1195–1201.

[21] Firouzi S, Mohd-Yusof BN, Majid HA, et al. Effect of
microbial cell preparation on renal profile and liver
function among type 2 diabetics: a randomized con-
trolled trial. BMC Complement Altern Med. 2015;15:
433.

[22] Abbasi B, Ghiasvand R, Mirlohi M. Kidney function
improvement by soy milk containing Lactobacillus
plantarum A7 in type 2 diabetic patients with nephr-
opathy: a double-blinded randomized controlled trial.
Iran J Kidney Dis. 2017;11(1):36–43.

RENAL FAILURE 879

http://www.training.cochrane.org/handbook
http://www.training.cochrane.org/handbook


[23] Miraghajani M, Zaghian N, Dehkohneh A, et al.
Probiotic soy milk consumption and renal function
among type 2 diabetic patients with nephropathy: a
randomized controlled clinical trial. Probiotics
Antimicrob Proteins. 2019;11(1):124–132.

[24] Abbasi B, Mirlohi M, Daniali M, et al. Effects of pro-
biotic soy milk on lipid panel in type 2 diabetic
patients with nephropathy: a double-blind random-
ized clinical trial. Prog Nutr. 2018;20(Suppl 2):70–78.

[25] Miraghajani M, Zaghian N, Mirlohi M, et al. The impact
of probiotic soy milk consumption on oxidative stress
among type 2 diabetic kidney disease patients: a
randomized controlled clinical trial. J Ren Nutr. 2017;
27(5):317–324.

[26] Zhao J, Ning X, Liu B, et al. Specific alterations in gut
microbiota in patients with chronic kidney disease: an
updated systematic review. Ren Fail. 2021;43(1):
102–112.

[27] Chapman CM, Gibson GR, Rowland I. Health benefits
of probiotics: are mixtures more effective than single
strains? Eur J Nutr. 2011;50(1):1–17.

[28] Vaziri ND, Wong J, Pahl M, et al. Chronic kidney dis-
ease alters intestinal microbial flora. Kidney Int. 2013;
83(2):308–315.

[29] Miranda Alatriste PV, Urbina Arronte R, G�omez
Espinosa CO, et al. Effect of probiotics on human
blood urea levels in patients with chronic renal failure.
Nutr Hosp. 2014;29(3):582–590.

[30] Vaziri ND. CKD impairs barrier function and alters
microbial flora of the intestine: a major link to inflam-
mation and uremic toxicity. Curr Opin Nephrol
Hypertens. 2012;21(6):587–592.

[31] Parvez S, Malik KA, Ah Kang S, et al. Probiotics and
their fermented food products are beneficial for
health. J Appl Microbiol. 2006;100(6):1171–1185.

[32] Yacoub R, Kaji D, Patel SN, et al. Association between
probiotic and yogurt consumption and kidney disease:
insights from NHANES. Nutr J. 2015;15(1):10.

[33] Sabatino A, Regolisti G, Cosola C, et al. Intestinal
microbiota in type 2 diabetes and chronic kidney dis-
ease. Curr Diab Rep. 2017;17(3):16.

[34] Firouzi S, Haghighatdoost F. The effects of prebiotic,
probiotic, and synbiotic supplementation on blood
parameters of renal function: a systematic review and
Meta-analysis of clinical trials. Nutrition. 2018;51–52:
104–113.

[35] Wang H, Wang DF, Song HX, et al. The effects of pro-
biotic supplementation on renal function, inflamma-
tion,and oxidative stress in diabetic nephropathy: a
systematic review and Meta-analysis of randomized
controlled trials. Mat Express. 2021;11(7):1122–1131.

[36] Ostadrahimi A, Taghizadeh A, Mobasseri M, et al.
Effect of probiotic fermented milk (kefir) on glycemic
control and lipid profile in type 2 diabetic patients: a
randomized double-blind placebo-controlled clinical
trial. Iran J Public Health. 2015;44(2):228–237.

[37] Shi H, Kokoeva MV, Inouye K, et al. TLR4 links innate
immunity and fatty acid-induced insulin resistance. J
Clin Invest. 2006;116(11):3015–3025.

[38] Falcinelli S, Rodiles A, Hatef A, et al. Influence of pro-
biotics administration on gut microbiota core: a
review on the effects on appetite control, glucose,
and lipid metabolism. J Clin Gastroenterol. 2018;
52(Supplement 1):S50–S56.

[39] Han MM, Sun JF, Su XH, et al. Probiotics improve glu-
cose and lipid metabolism in pregnant women: a
Meta-analysis. Ann. Transl. Med. 2019;7(5):99–99.

[40] Isolauri E, Rautava S, Collado MC, et al. Role of probi-
otics in reducing the risk of gestational diabetes.
Diabetes Obes Metab. 2015;17(8):713–719.

[41] Zhuang G, Liu XM, Zhang QX, et al. Research advan-
ces with regards to clinical outcome and potential
mechanisms of the cholesterol-lowering effects of pro-
biotics. Clin Lipidol. 2012;7(5):501–507.

[42] St-Onge MP, Farnworth ER, Jones PJ. Consumption of
fermented and nonfermented dairy products: effects
on cholesterol concentrations and metabolism. Am J
Clin Nutr. 2000;71(3):674–681.

[43] Zhang Y, Sun X, Icli B, et al. Emerging roles for
MicroRNAs in diabetic microvascular disease: Novel
targets for therapy. Endocr Rev. 2017;38(2):145–168.

[44] Kellow NJ, Coughlan MT, Reid CM. Metabolic benefits
of dietary prebiotics in human subjects: a systematic
review of randomised controlled trials. Br J Nutr. 2014;
111(7):1147–1161.

[45] Ahmed LA, Salem MB, Seif El-Din SH, et al. Gut micro-
biota modulation as a promising therapy with metfor-
min in rats with non-alcoholic steatohepatitis: Role of
LPS/TLR4 and autophagy pathways. Eur J Pharmacol.
2020;887:173461.

[46] He J, Zhang F, Han Y. Effect of probiotics on lipid pro-
files and blood pressure in patients with type 2 dia-
betes: a meta-analysis of RCTs. Medicine (Baltimore).
2017;96(51):e9166.

[47] Karimi G, Jamaluddin R, Mohtarrudin N, et al. Single-
species versus dual-species probiotic supplementation
as an emerging therapeutic strategy for obesity. Nutr
Metab Cardiovasc Dis. 2017;27(10):910–918.

[48] Wang Y, Wu Y, Wang Y, et al. Antioxidant properties
of probiotic bacteria. Nutrients. 2017;9(5):521.

[49] Kinoshita A, Onoda H, Imai N, et al. C-Reactive protein
as a prognostic marker in patients with hepatocellular
carcinoma. Hepatogastroenterology. 2015;62(140):
966–970.

[50] Sadrzadeh-Yeganeh H, Elmadfa I, Djazayery A, et al.
The effects of probiotic and conventional yoghurt on
lipid profile in women. Br J Nutr. 2010;103(12):
1778–1783.

[51] Zheng HJ, Guo J, Jia Q, et al. The effect of probiotic
and synbiotic supplementation on biomarkers of
inflammation and oxidative stress in diabetic patients:
a systematic review and Meta-analysis of randomized
controlled trials. Pharmacol Res. 2019;142:303–313.

[52] Bohlouli J, Namjoo I, Borzoo-Isfahani M, et al. Effect of
probiotics on oxidative stress and inflammatory status
in diabetic nephropathy: a systematic review and
Meta-analysis of clinical trials. Heliyon. 2021;7(1):
e05925.

880 Y. DAI ET AL.


	Abstract
	Materials and methods
	Inclusion and exclusion criteria
	Search strategy and selection studies
	Literature screenings and data extraction
	Literature quality evaluations
	Statistical data analysis

	Results
	Literature retrieval, research baseline characteristics, and methodological quality assessment
	Effects of probiotics on renal function
	Serum creatinine
	Blood urea nitrogen
	Glomerular filtration rate
	24-Hour urine protein
	Urinary albumin/creatinine ratio
	Cystatin C
	Potassium
	Natrium

	Effects of probiotics on glucose metabolism
	Fasting plasma glucose
	2 h postprandial blood glucose
	Insulin
	Hemoglobin A1c
	Homeostasis model of assessment-estimated insulin resistance
	Quantitative insulin sensitivity check index

	Effects of probiotics on lipid metabolism
	Triglycerides
	Total cholesterol
	Low-density lipoprotein cholesterol
	Very low-density lipoprotein cholesterol
	High-density lipoprotein cholesterol

	Effects of probiotics on inflammation and oxidative stress
	High-sensitivity C-reactive protein
	Malondialdehyde
	Total antioxidant capacity
	Glutathione
	Nitric oxide

	Publication bias

	Discussion
	Conclusion
	Ethical approval
	Author contributions
	Disclosure statement
	Funding
	References


