%8 nutrients

Systematic Review

Effect of Casein Hydrolysate on Cardiovascular Risk Factors:
A Systematic Review and Meta-Analysis of Randomized
Controlled trials

Shuaishuai Zhou

check for
updates

Citation: Zhou, S.; Xu, T.; Zhang, X.;
Luo, J.; An, P; Luo, Y. Effect of Casein
Hydrolysate on Cardiovascular Risk
Factors: A Systematic Review and
Meta-Analysis of Randomized
Controlled trials. Nutrients 2022, 14,
4207. https://doi.org/10.3390/
nul4194207

Academic Editors: Roberto Iacone

and Arrigo Cicero

Received: 3 September 2022
Accepted: 1 October 2022
Published: 9 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Teng Xu, Xu Zhang, Junjie Luo **, Peng An *

and Yongting Luo *

Department of Nutrition and Health, China Agricultural University, Beijing 100193, China
* Correspondence: luojj@cau.edu.cn (J.L.); an-peng@cau.edu.cn (P.A.); luo.yongting@cau.edu.cn (Y.L.)

Abstract: Casein hydrolysate has various biological functional activities, especially prominent
are angiotensin I-converting enzyme inhibitory activities. Increasing evidence has reported the
prominent hypotensive effect of casein hydrolysate. However, the effects of casein hydrolysate on
cardiovascular risk factors remain unclear and require more comprehensive and detailed studies.
Here, we conducted a systematic review and meta-analysis on eligible randomized controlled trials
(RCTs) to summarize the effects of casein hydrolysate supplementation on blood pressure, blood
lipids, and blood glucose. In the pooled analyses, casein hydrolysate significantly reduced systolic
blood pressure by 3.20 mmHg (—4.53 to —1.87 mmHg) and diastolic blood pressure by 1.50 mmHg
(—2.31 to —0.69 mmHg). Supplementation of casein hydrolysate displayed no effect on total choles-
terol (—0.07 mmol/L; —0.17 to 0.03 mmol/L), low-density lipoprotein cholesterol (—0.04 mmol/L;
—0.15 to 0.08 mmol/L), high-density lipoprotein cholesterol (—0.01 mmol/L; —0.06 to 0.03 mmol/L),
triglycerides (—0.05 mmol/L, —0.14 to 0.05 mmol/L), or fasting blood glucose (—0.01 mmol/L;
—0.10 to 0.09 mmol/L) compared with the placebo diets. Collectively, this study indicated that sup-
plementation of casein hydrolysate displayed decreasing effect on blood pressure without affecting
blood lipids or glycemic status.

Keywords: blood pressure; blood lipids; cardiovascular disease; casein hydrolysate

1. Introduction

With the aging of the world population, cardiovascular disease (CVD) has become an
increasingly prominent public health problem globally. CVD remains the leading cause of
mortality worldwide [1]. According to World Health Organization’s 2021 World Health
Statistics, global CVD deaths had grown by one quarter since 2000, reaching 17.9 million
by 2019 [2]. More seriously, CVD deaths are expected to reach 22.2 million by 2030 [3].

Nutritional and lifestyle risk factors such as suboptimal diet, smoking, alcohol con-
sumption, physical inactivity, and other metabolic diseases (e.g., type 2 diabetes and
obesity) were identified to be major risk factors for CVDs [4], among which a healthy diet
has been recommended as a preventive or treatment approach for CVDs [5]. Although a
variety of foods with cardioprotective potentials have been identified by epidemiological
studies [6], the optimal nutrient composition for CVD remains to be investigated [7].

Evidence from randomized controlled trials (RCTs) indicated that milk protein supple-
mentation was an effective diet approach for reducing blood pressure (BP) [8,9] specifically
identifying casein as the most abundant high-quality protein in milk, which accounts for
80% of total milk protein [10]. Casein contains nearly all common amino acids and most
essential amino acids [11]. It belongs to a slow-digesting protein, possessing a delayed
release property in the digestive system. In addition, it also has anti-catabolic properties
and inhibits the breakdown of other proteins [12]. Through commercial fermentation and
enzymatic hydrolysis, casein can be converted into casein hydrolysate and other active
peptides [13].
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Casein-derived hydrolysate has various biological functions including, but not limited
to, anti-inflammatory, antioxidant [14], and antihypertensive activities [15,16]. Oxidative
stress and chronic inflammation play critical roles in the process of CVD development [17,18].
Hence, it is essential to demonstrate how casein hydrolysate regulates cardiometabolic
health. Strong evidence indicates that casein hydrolysate lowers BP by blocking the activ-
ity of angiotensin I-converting enzyme (ACE) [10,16,19], which converts angiotensin I to
vasoconstrictor angiotensin II by removing two amino acids from the C-terminus of the
active peptides [20]. In addition to BP elevation, angiotensin II can stimulate the release
of pro-inflammatory cytokines and the activation of nuclear factor kappa B (NFkB) [21,22].
The antioxidant properties of casein hydrolysate might be attributed to its powerful scav-
enging capacity of superoxides and hydroxyl radicals, as well as its chelating activity on
iron ions [23-25].

Contradictory results have been reported on the BP lowering effect of casein hy-
drolysate in RCTs [26,27]. Therefore, systematic reviews and meta-analyses were performed
to assess the effects of casein hydrolysate supplementation on BP [28-31]. However, these
published systematic reviews and meta-analyses need updating to incorporate recent pub-
lished studies. In addition, the influences of casein-derived hydrolysate on CVD risk factors
also require a systematical assessment. To provide the most updated and comprehensive
evaluation, we conducted a systematic review and meta-analysis of published RCTs to
assess the effects of casein hydrolysate on multiple CVD risk factors, including BP, blood
lipids, and blood glucose.

2. Methods

The systematic review and meta-analysis were performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

2.1. Search Strategy

We searched the PubMed and Web of Science databases from 1994 to July 2022 to
identify eligible studies. The involved searching keywords were randomized controlled
trial, casein hydrolysate, cardiovascular disease, systolic blood pressure (SBP), diastolic
blood pressure (DBP), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), and fasting blood glucose
(FBG). Two reviewers independently searched and assessed the studies retrieved from
databases. Any inconsistency was reexamined by another reviewer and resolved via group
discussion.

2.2. Study Selection and Selection Criteria

Inclusion criteria were as follows: (1) the study was written in the English language;
(2) trials were performed with humans; (3) published RCTs; (4) the intervention diet was
casein hydrolysate or lactotripeptides; (5) the study contained a comparable placebo or
control group; (6) and reporting at least one CVD risk factor. Exclusion criteria were as
follows: (1) the trials involved animals (e.g., rats or mice); (2) no control/placebo group;
(3) the intervention diet was not casein hydrolysate or lactotripeptides; (4) no relevant
result of CVD risk factor; (5) no result of intervention or control/placebo group; (6) review
article. Initially, two reviewers independently screened the retrieved articles based on titles
and abstracts to determine whether the studies met the inclusion criteria. The full text was
downloaded for detailed examination for eligible or uncertain studies according to titles
and abstracts.

2.3. Data Extraction

The following information of eligible studies was extracted: (1) author name; (2) publi-
cation year; (3) the study design (randomization, single-or double-blinded; parallel trial,
or crossover trial); (4) the source of hydrolysate consumed in the intervention diet; (5) the
preparation method of hydrolysate; (6) intervention diet; (7) control/placebo diet; (8) out-
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comes of CVD risk factor before and after control and intervention diet; (9) intervention
duration; (10) health status of participants; (11) population size; (12) geographic location;
(13) mean age of participants. For subsequent statistical analysis, the units of TG, related
cholesterol indicators, and FBG were unified. The TG value (in mg/dL) was divided
by 88.57 (in mmol/L). The related cholesterol value (in mg/dL) was divided by 38.67
(in mmol/L). The FBG value (in mg/dL) was divided by 18 (in mmol/L).

2.4. Risk of Bias

The risk of bias was assessed by two independent reviewers according to the Cochrane
Collaboration Handbook recommendations [32]. Review Manager 5.4 was used to evaluate
the risk of bias in seven domains. Seven domains were (1) random sequence generation
(selection bias); (2) allocation concealment (selection bias); (3) blinding of participants
and personnel (performance bias); (4) blinding of outcome assessment (detection bias);
(5) incomplete outcome data (attrition bias); (6) selective reporting (reporting bias); (7) other
bias. Every domain of risk of bias was categorized as unclear risk (represented by a yellow
circle), high risk (represented by a red circle), or low risk (represented by a green circle).
Disagreements were resolved by discussion until a consensus was reached.

2.5. Statistical Analysis

The change value of indicators (endpoint minus baseline) used in the analysis were
presented as means and standard deviations (SDs). A random-effects model was ap-
plied to assess the effect sizes. The evaluated effect sizes were presented as weighted
mean difference (WMD) and 95% confidence intervals (Cls) according to the Cochrane
Handbook [32]. Meta-regression was conducted to analyze the possible source of hetero-
geneity [33]: (1) baseline BP (SBP > 140 mmHg and SBP < 140 mmHg; DBP > 90 mmHg
and DBP < 90 mmHg); (2) age (=50 years and <50 years); (3) duration of the intervention
(>8 weeks and <8 weeks); (4) preparation method (fermentation and enzyme); (5) disease
(BP disease and healthy). Egger’s linear regression test was performed to evaluate the
existence of publication bias (publication bias was regarded to exist when p < 0.05). The
symmetry of funnel plots was also visually judged in evaluating publication bias. Sensitiv-
ity analysis was used to assess the existence of a small study effect and the reliability of
the results. Review Manager 5.4 was used to evaluate the effects of casein hydrolysate on
CVD risk factors. It also showed the risk of bias and visual funnel plots of the included
studies. Review Manager 5.4 was used to generate a forest plot. Stata 15 was used to
perform Egger’s linear regression test and sensitivity analysis. p < 0.05 was considered as a
statistically significant difference.

3. Results
3.1. Study Selection and Study Characteristics

The screening process for eligible studies is shown in Figure 1. We initially retrieved
160 articles in PubMed and Web of Science using fixed search terms (see Supplemental
Material). Based on titles and abstracts, 81 articles were removed for duplication or because
they did not meet the inclusion criteria. Then, the full texts of the remaining 79 articles were
downloaded for detailed evaluation. Based on a full-text review, 53 articles were excluded
for no control/placebo group, no relevant results of CVD risk factors, or no specific value
of CVD risk factors. Eventually, 26 articles containing 33 trials were included.

In total, 30 trials consisting of 1824 participants reported SBP; 29 trials consisting
of 1743 participants reported DBP; 13 trials consisting of 648 participants reported TC;
7 trials consisting of 386 participants reported LDL-C; 11 trials consisting of 641 participants
reported HDL-C levels; 14 studies trials consisting of 678 participants reported TG; and
7 trials consisting of 396 participants reported FBG. The detailed characteristics of included
studies are described in Table S1. The effects of casein hydrolysate on cardiovascular risk
factors (SBP, DBP, TC, LDL, HDL, TG, and FBG) were assessed using a random-effects
model.
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Figure 1. Screening process for eligible studies.

3.2. Effects of Casein Hydrolysate on BP

Casein hydrolysate significantly reduced SBP by 3.20 mmHg (95% CI: —4.53,
—1.87 mmHg; p < 0.00001) compared with control diets (Figure 2A). Publication bias
was suggested from the visual funnel plot and Egger’s linear regression test (p = 0.01)
(Figure S1, Table S2). However, sensitivity analysis indicated that the result of SBP was
reliable (Figure S2).

Casein hydrolysate supplementation decreased DBP by 1.50 mmHg (95% CI: —2.31,
—0.69 mmHg; p = 0.0003) (Figure 2B). Publication of bias was suggested by Egger’s linear
regression test (p = 0.03) (Table S2). Sensitivity analysis indicated that the DBP result was
reliable (Figure S2).

3.3. Effects of Casein Hydrolysate on Blood Lipids

Subsequently, the overall effects of casein hydrolysate on blood lipids (TC, LDL-C,
HDL-C, and TG) were assessed. It was shown that casein hydrolysate had no signifi-
cant effect on blood lipids: TC (—0.07 mmol/L; 95% CI: —0.17, 0.03 mmol/L; p = 0.17),
LDL (—0.04 mmol/L; 95% CI: —0.15, 0.08 mmol/L; p = 0.54), HDL (—0.01 mmol/L;
95% CI: —0.06,0.03 mmol/L; p = 0.55), and TG (—0.05 mmol/L; 95% CI: —0.14, 0.05 mmol/L;
p = 0.33) (Figure 3). The funnel plot and Egger’s linear regression test of blood lipids showed
that no publication bias existed (Prc = 0.304; Pypr = 0.483; Pypr, = 0.396;, Prg =0.473)
(Figure S1, Table S2). Sensitivity analysis identified no small-study effects and the results
are reliable (Figure 52).
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A SBP

Casein hydrolysate Control Mean Difference
_Study or Mean i v
Akazawa N, 2018 -2 7.28010989 7 0 1503329638 8 1.1% -2.00[-13.73,9.73]
Cadée, 2007 -10.7 7.83836718 24 36 11.75755077 24 31% -7.10 [-12.75,-1.45]
Cicero A, F. G, 2010a 0.4 7.21110255 33 1.7 8.5278954 33 4.4% -2.10[-5.91, 1.71]
Cicero A, F. G, 2010b -1.7  B.76726867 22 -0.7 76501634 22 3.6% -1.00[-5.86, 3.86]
Cicero A. F. G, 2012 -2.73 1257973171 82 -1.38 11.91792977 82 4.5% -1.35[-5.10, 2.40]
Cicero A F. G, 2016 -2.5 6.35491935 40 -0.4  7.40067564 40 5.1% -2.10[-5.12, 0.92]
Engberink M. F, 2008a -1.6  B.87411967 35 43 735391052 32 4.4% 2.70[-1.18, 6.59]
Engberink M. F, 2008b -4.8 10.18233765 32 43 735391052 32 4.0% -0.50 [-4.85, 3.85]
Engberink M. F, 2008c -2.8 10.2 38 4.3 735391052 32 4% 1.50 [-2.69, 5.69]
Germino F W, 2010 3.6 9.97 52 0 8.52 29 4.2% -3.60[-7.72, 0.52]
Hata Y, 1996 =141 12.78162744 17 4.4 1297998459 13 1.6% -9.70[-19.01,-0.39]
Hirota T, 2007 0.8 12.96630248 24 -21 1227293771 24 23% 3.00 [-4.14, 10.14]
Igase M, 2021 -1 16 38 0.5 128 44 2.6% -1.50 [-7.97, 4.97]
Ishida Y, 2011a -14.9  8.03523491 8 -3.9 6.18465844 8  24% -11.00[-18.03,-3.97]
Ishida Y, 2011b -6.7 6.71192968 8 -19 4.46598254 8 3.1% -4.80[-10.39,0.79]
Ishida Y, 2011c -2.5 895684006 8 24 3.95284708 8 25% -4.90[-11.68, 1.88]
Jauhiainen T, 2005 -5.1  8.85525408 47 -31 1055818755 a7 4.3% -2.00[-5.94, 1.94]
Jauhiainen T, 2010 -4.6 12,64839986 45 -2 10.36089503 44 3.7% -2.00 [-6.80, 2.80]
Jauhiainen T, 2012 -23  B.15488938 45 03 756509798 44  4.9% -2.60[-5.87, 0.67]
Kajimoto O, 2002 -13.9 11.4 31 -09 9.7 33 3.4% -13.00 [-18.20, -7.80]
Mizuno S, 2005a =13 8.90224691 21 -1.2  9.33809402 20  3.1% -11.80[-17.39,-6.21]
Mizuno S, 20056 -2.8  6.26617906 12 03 45721986 12 4.0% -3.10[-7.49, 1.29]

Mizushima S, 2004 -5.2 11.33125013 23 -37 10.63750012 23 27% -1.50 [-7.85, 4.85]
Nakamura T, 2011 -10.5 115 3 -39 96 35 35% -660[-11.56,-1.64]
Sano J, 2005 -5.9 6.91158448 72 -21 7.37868552 72 5.8% -3.80 [-6.14, -1.46]
Seppo L, 2002 -154  8.28190799 19 -9.4 13193938 17 23% -6.00[-13.29,1.29]
Van D, 2008 -1.9 9.26086952 134 -23 9.38375993 137 5.9% 0.40[-1.82, 2.62]
‘Yamasue K, 2010 -6 12.50289964 22 0 15.25204904 22 19%  -6.00[-14.24, 2.24]
Yoshizawa M, 2009 -6 19.74841766 15 -1 14.4222051 13 09% -5.00[-17.70,7.70]
Yoshizawa M, 2010 -6 20.78460969 12 -1 18.97366536 10 0.6% -5.00[-21.63, 11.63]
Total (95% Cl) 997 968 100.0%  -3.20 [4.53, -1.87]

Heterogeneity: Tau? = 6.59; Chi? = 64.93, df = 29 (P = 0.0001); I* = 55%
Test for overall effect: Z = 4.72 (P < 0.00001)

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

B DBP

Casein hydrolysate Control Mean Difference
_ Study or Mean SD  Total Mean
Akazawa N, 2018 -1 5.52268051 7 2 10.04987562 8 09% -3.00[-11.08, 5.08]
Cadée, 2007 -89 587877538 24 27 783836718 24 3.0% -4.20[-8.12,-0.28]

Cicero A. F. G, 2010a -1.3  6.08671245 33 12 4.1575233 33 5.0% -2.50 [-6.01, 0.01]
Cicero A. F. G, 2010b -1.2  7.00285656 22 0.7 635177141 22 29% -0.50 [-4.45, 3.45]
Cicero A, F. G, 2012 -2.35 8.32164046 82 06 8.07902531 82  50% -1.75[-4.26, 0.76]
Cicero A. F. G, 2018 -1.2 585021367 40 0.1 540092585 40 5.1% -1.30 [[l3.77,1.17]
Engberink M. F, 2008a -0.3 5.91607978 35 -24 500116882 32 4.8% 210 [0.54, 4.74]
Engberink M. F, 2008b -24  5.09116882 32 -24 500116882 32 5.1% 0.00 [-2.49, 2.49]
Engberink M. F, 2008c -24 6.6 36 24 500116882 32 4.5% 0.00[-2.79, 2.79]
Hata Y. 1996 -6.6 10.30776406 17 -22 6.85054742 13 1.5%  -4.40[-10.55, 1.75]
Hirota T, 2007 0.3 8.21735967 24 08 782275206 24  24% 1.20[-3.37,5.77]
Igase M, 2021 18 79 36 28 86 44 3.3% -0.90 [-4.52,2.72]
Ishida Y, 2011a -7.1  6.45600496 8 -18 6.4501938 8 14%  -5.30[-11.62, 1.02]
Ishida Y, 2011b -41  6.13514466 8 11 66370174 8 14% -520[-11.46, 1.06]
Ishida Y, 2011c -0.1  6.83117852 8 04 51623638 8 16% -0.50 [-6.43, 5.43]
Jauhiainen T, 2005 -1.1  5.27909378 47 21 561968047 47 57% 1.00 [-1.20, 3.20]
Jauhiainen T, 2010 -3.7  7.98846307 45  -1.7 6.05207836 44  4.3% -2.00 [-4.94, 0.94]
Jauhiainen T, 2012 -1.6 499278942 45 0.8 526267684 44 5.8% -0.80 [-2.93, 1.33]
Kajimoto O, 2002 -9.1 75 31 07 74 33 3.3% -8.40[-12.05 -4.75]
Mizuno S, 2005a -4.2 7.61183289 21 -1.3 5.78705452 20 2.8% -2.90 [-7.03,1.23]
Mizuno S, 2005b =14 538934133 12 -1 3.59026461 12 3.2% -0.40 [-4.06, 3.26]
Mizushima S, 2004 -2 450937505 23 03 832500009 23 3.0% -1.70 [-6.57, 2.17]
Nakamura T, 2011 4.7 87 35 -1 B.7 35 3.3% -3.70 [-7.34, -0.08]
Sano J, 2005 -3.2 5.05618433 72 -1.5 5.85022124 72 6.7% <1.70 [-3.45, 0.09]
Seppo L, 2002 -9.3 479478884 19 -55 742159013 17  27% -3.80[-7.93, 0.33]
Van D, 2008 -0.8 463033476 134 -1.1 4.68187996 137 8.2% 0.30[-0.81, 1.41]
Yamasue K, 2010 -4 10.25597387 22 1 910878887 22 1.7%  -5.00[-10.73, 0.73]
Yoshizawa M, 2009 -4 9.87420883 15 -2 1274754878 13 0.8% -2.00[-10.54, 6.54]
Yoshizawa M, 2010 -2 10.39230485 12 1 1118033989 10  0.7%  -3.00[-12.09, 6.09]
Total (95% CI) 945 939 100.0%  -1.50 [-2.31, -0.69]

Heterogeneity: Tau? = 1.75; Chi* = 48.97, df = 28 (P = 0.008); I* = 43%
Test for overall effect: Z = 3.63 (P = 0.0003)

Risk of bias legend

(A) Random seguence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias
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Figure 2. Effect of casein hydrolysate supplementation on blood pressure: (A) SBP and (B) DBP. Each

domain of risk of bias is represented by a circle: a green circle for low risk, a yellow circle for unclear

risk, and a red circle for high risk.
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Figure 3. Effect of casein hydrolysate supplementation on blood lipids: (A) TG, (B) TC, (C) LDL-C,

and (D) HDL-C. Each domain of risk of bias is represented by a circle

a green circle for low risk, a

yellow circle for unclear risk, and a red circle for high risk.
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3.4. Effect of Casein Hydrolysate on FBG

There was no effect of casein hydrolysate on FBG (—0.01 mmol/L; 95% CI: —0.10,
0.09 mmol/L; p = 0.90) compared with the control diets (Figure 4). No publication bias
(p = 0.430) was observed (Figure S1, Table S2). The result of FBG was reliable, as revealed
by sensitivity analysis (Figure S2).
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(G) Other bias

Figure 4. Effect of casein hydrolysate on FBG. Each domain of risk of bias is represented by a circle: a

green circle for low risk, a yellow circle for unclear risk, and a red circle for high risk.

3.5. Stratified Analysis of the Effects of Casein Hydrolysate on BP

To further identify the effect of casein hydrolysate on BP, we conducted a stratified
analysis of 30 trials (Figures 5 and S3-512). Participants with elevated BP at baseline
(SBP > 140 mmHg; DBP > 90 mmHg) showed no significant decreased effect in SBP
(—3.44 mmHg; 95% CI: —5.49, —1.39 mmHg, p = 0.001) and DBP (—2.10 mmHg; 95% CI: —3.71,
—0.49 mmHg; p = 0.01) compared to participants with normal BP (SBP: —2.77 mmHg;
95% CI: —4.21, —1.34 mmHg; p = 0.0002. DBP: —1.03 mmHg; 95% CI: —1.88, —0.17 mmHg;
p = 0.02) (Figures S3 and S8). Younger participants (<50 years) had no statistically sig-
nificant reductions in SBP (—4.11 mmHg; 95% CI: —7.12, —1.09 mmHg; p = 0.008) and
DBP (—1.75 mmHg; 95% CI: —3.11, —0.40 mmHg; p = 0.01) compared to the older partic-
ipants (SBP: —2.97 mmHg; 95% CI: —4.49, —1.46 mmHg; p = 0.0001. DBP: —1.50 mmHg;
95% CI: —2.48, —0.52 mmHg; p = 0.003) (Figures S4 and S9). Short-term casein hydrolysate
intervention (<8 weeks) also had no effect on reducing both SBP (—3.65 mmHg; 95% CI: —5.49,
—1.80 mmHg; p = 0.0001) and DBP (—1.84 mmHg; 95% CI: —2.88, —0.81 mmHg; p = 0.0005)
compared with the long-term intervention (SBP: —2.86 mmHg; 95% CI: —4.76, —0.96 mmHg;
p =0.003. DBP: —1.40 mmHg; 95% CI: —2.55, —0.25 mmHg; p = 0.02) (Figures S5 and 510).
Fermentation preparation of casein hydrolysate had no reduction effect on SBP (—3.68 mmHg;
95% CI: —6.63, —0.73 mmHg; p = 0.01) and DBP (—2.13 mmHg; 95% CI: —4.00, —0.26 mmHg;
p = 0.03) compared with enzymatic preparation method (SBP: —3.04 mmHg; 95% CI: —4.99,
—1.10 mmHg; p = 0.002. DBP: —0.89 mmHg; 95% CI: —1.74, —0.04 mmHg; p = 0.04)
(Figures S6 and S11). In addition, the blood pressure reduction effect was not different be-
tween the healthy participants receiving casein hydrolysate (SBP: —3.18 mmHg; 95% CI: —5.10,
—1.26 mmHg; p = 0.001. DBP: —2.00 mmHg; 95% CI: —3.36, —0.64 mmHg; p = 0.004) and the
participants with blood pressure disorders (SBP: —3.23 mmHg; 95% CI: —4.95, —1.51 mmHg;
p =0.0002. DBP: —1.42 mmHg; 95% CI: —2.44, —0.41 mmHg; p = 0.006) (Figures S7 and S12).
Taken together, no difference was observed in the BP-reducing effect of casein hydrolysate
among participants stratified by baseline BP, age, duration of the intervention, preparation
methods, and disease status.
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A Subgroup kBl IControl SBP WMD [95% Cl] r PEgger's test PMeta-regresslon
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2140 mmHg 17 676 /642 -3.44 [-5.49, -1.39] 73 0.049 0.979
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Age
2 50 years 24 852 /828 -2.97 [-4.49, -1.46] 55 0.045 0.267
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<8 weeks 13 357 /333 -3.65 [-5.49, -1.80] 45 0.025 ’
Preparation
Fermentation " 296 /284 -3.68 [-6.63, -0.73] 61 0.560 0.830
Enzyme 12 414 /416 -3.04 [-4.99, -1.10] 62 0.042 '
Disease
BP disease 20 806 /772 -3.23 [-4.95, -1.51] 69 0.021 0.914
Healthy 10 997 / 968 -3.20 [-4.53, -1.87] 0 0.291 '

- Intervention o,

B Subgroup Trials iContol DBP WMD [95% CI] 2 ST . FS—
Baseline DBP
290 mmHg 10 335/332 -2.10[-3.71, -0.49] 62 0.311 0.375
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Age
= 50 years 23 800/799 -1.50 [-2.48, -0.52] 51 0.062 0.568
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Enzyme 12 414 /416 -0.89 [-1.74, -0.04] 13 0.102 ’
Disease
BP disease 19 7541743 -1.42[-2.44, -0.41] 57 0.051 0.539
Healthy 10 1917196 -2.00 [-3.36, -0.64] 0 0.733 '

Figure 5. Effects of casein hydrolysate on SBP (A) and DBP (B) in stratified analyses.

3.6. Stratified Analysis of the Effects of Casein Hydrolysate on Blood Lipids and Blood Glucose

To further assess the effect of casein hydrolysate on blood lipids and blood glucose,
we conducted a stratified analysis for extracted data (Figures 6 and S13-530). We analyzed
13 trials to explore the effect of casein hydrolysate supplementation on TC. TC were
not altered by casein hydrolysate supplementation in subgroups (Figure 6A). LDL levels
were not changed in the subgroups according to the age or disease status of participants
(Figure 6B). HDL levels from 11 trials were analyzed in subgroups according to similar risk
factors, and no effect was observed in different subgroups (Figure 6C). Data extracted from
14 trials were used for the stratified analyses of TG, and casein hydrolysate supplementation
had no reduction effect on TG according to the age of participants, duration of intervention,
preparation method, or disease status (Figure 6D). Data from the seven relevant trials were
used to explore the effect of casein hydrolysate on FBG in different subgroups, and casein
hydrolysate had no effect on FBG concentrations in different subgroups (Figure 6E).
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Duration Disease
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<8 weeks 4 -0.14 [-0.35, 0.07] 0 Healthy 3 -0.12 [-0.36, 0.13] 0

Preparation
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BP disease 10 -0.03[-0.15, 0.08] 0
Healthy 3 =0.17 [-0.37, 0.03] 0
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Age Age
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<50 years 3 -0.04 [-0.19, 0.11] 42 <50 years 3 0.03 [-0.18, 0.25] 0
Duration Duration
= 8 weeks 9 0.00 [-0.05, 0.05] 0 2= 8 weeks 10 —-0.05 [-0.16, 0.08] Q
<8 weeks 2 -0.09 [-0.21, 0.03] 13 <8 weeks 4 -0.07 [-0.32, 0.19] 25
Preparation Preparation
Fermentation 7 -0.05[-0.12, 0.01] 0 Fermentation 9 0.04 [-0.11, 0.18] Q
Enzyme 2 -0.02[-0.13, 0.09] 0 Enzyme 3 -0.12 [-0.45, 0.20] 45
Disease Disease
BP disease 8 -0.02[-0.07, 0.03] 8 BP disease 10 -0.03 [-0.14, 0.09] 0
Healthy 3 0.03[-0.07, 0.14] 0 Healthy 4 -0.10 [-0.28, 0.08] 0

E Subgroup Trials FBG WMD [95% CI] I?

Age

250 years 5 0.04 [-0.08, 0.15] 0
<50 years 2 -0.12[-0.38, 0.13] 45
Duration

= 8 weeks 4 -0.03 [-0.18, 0.11] 19
< 8 weeks 3 0.02[-0.13,0.17] 0
Preparation

Fermentation 2 -0.17 [-0.41, 0.07] 10
Enzyme 4 0.02 [-0.11, 0.14] 0
Disease

BP disease 6 =0.01 [-0.11, 0.09] 0
Healthy 1 0.00 [-0.39, 0.39] -

Figure 6. The effect of casein hydrolysate in stratified analyses of TC (A), LDL (B), HDL (C), TG (D),
and FBG (E) compared with control diets.

4. Discussion

To determine the association between casein hydrolysate consumption and different
CVD risk factors, the current systematic review and meta-analyses evaluated the effects of
casein hydrolysate on SBP, DBP, TC, LDL, HDL, and FBG. Twenty-six RCTs were included
to investigate the effect of casein hydrolysate supplementation on multiple CVD risk factors.
Casein hydrolysate significantly reduced SBP (—3.20 mmHg; 95% CI: —4.53, —1.87 mmHg;
p < 0.00001) and DBP (—1.50 mmHg; 95% CI: —2.31, —0.69 mmHg; p = 0.0003) compared
with control diets, but no effect on TC (—0.07 mmol/L; 95% CI: —0.17, 0.03 mmol/L; p = 0.17),
LDL-C (—0.04 mmol/L; 95% CI: —0.15, 0.08 mmol/L; p = 0.54), HDL-C (—0.01 mmol/L;
95% CI: —0.06, 0.03 mmol/L; p = 0.55), TG (—0.05 mmol/L; 95% CI: —0.14, 0.05 mmol/L;
p = 0.33), or FBG (—0.01 mmol/L; 95% CI: —0.10, 0.09 mmol/L; p = 0.90). Furthermore,
no difference in reducing BP was observed among participants stratified by different
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baseline BP, age, duration of the intervention, preparation methods, and disease status.
Consistent with the BP results of stratified analyses, no significant difference was observed
in blood lipids and blood glucose among participants stratified by age, duration of the
intervention, preparation methods, and disease status. To our knowledge, this is the first
systematic review comprehensively assessing the overall effects of the available RCTs of
casein hydrolysate supplementation on CVD risk factors. Our study possesses several
strengths. First, our analysis reflected the most updated and comprehensive assessment
of the effects of casein hydrolysate on multiple CVD risk factors. Second, we provided
stratified analyses to identify potential covariates modifying the effect of casein hydrolysate
supplementation on CVD risk factors. Third, a detailed sensitivity analysis and publication
bias analysis were performed to ensure the robustness of the results. The findings of this
study had several public health implications. For instance, our findings supported the
consumption of casein hydrolysate in the population at risk for the prevention of CVDs.

The BP decreasing mechanism of casein hydrolysate is that it contains various bioac-
tive peptides during fermentation or enzymatic preparation of casein, such as isoleucine-
proline-proline and valine-proline-proline, the most studied casein hydrolysate [34,35].
These bioactive peptides were shown to have a vasodilative effect by inhibiting ACE activity
in human interventional studies [36,37]. ACE is the critical enzyme converting angiotensin
Iinto the vasoconstrictor angiotensin II, making vasodilator bradykinin inactivation and
eliciting BP elevation [38]. In addition to the ACE inhibitory effect, these bioactive peptides
in casein hydrolysate also inhibit the activity of renin and endothelin-converting enzyme,
which interacts with bradykinin receptors and Ca®* channels, modulating sympathetic
nervous activity to reduce blood pressure [39,40]. Furthermore, bioactive peptides derived
from casein hydrolysate have been reported to display preventive effects on cerebrovas-
cular aging and neurovascular diseases [37,41]. However, the underlying mechanism still
requires further investigation. Compared with casein hydrolysate, the CVD preventive
effect of casein protein was less investigated [42—44]. Casein is regarded as a slow di-
gesting protein in the stomach that delays the gastric emptying process [43,45]. Weight
reduction and improving blood lipid have been reported in persons receiving casein pro-
tein intervention [44]. Therefore, the health impact of casein and casein hydrolysate may
be different.

The potent ACE-inhibitory peptides from natural casein hydrolysate have been widely
studied as a safe alternative to synthetic ACE inhibitors for hypertension treatment [15,46].
Different from synthetic ACE inhibitors (e.g., captopril, fosinopril, and ramipril), the
administration of which is associated with unfavorable side effects, including persistent
coughs, angioneurotic edema, skin rash, taste disturbance, and renal impairment [47,48].
Natural ACE-inhibitory peptides from casein hydrolysate could avoid these side effects.
Production of casein-derived peptides is achieved by fermentation or enzymatic methods
in commercial production. The fermentation process utilized lactic acid bacteria [49], while
the enzymatic methods utilized pepsin and trypsin to release the active peptides [50].
These preparation methods possess adequate safety, high reliability, and quite effective
advantages.

In animals receiving oral gavage of casein hydrolysate, no behavioral, organic, or
histopathological differences were observed between intervention and control groups [51-53].
In interventional studies performed on humans, the lowest (3 mg/day) and highest dose
(52.5 mg/day) of ACE-inhibitory peptides from casein hydrolysate displayed no adverse
reactions [54,55]. In summary, the consumption of casein hydrolysate is relatively safe
within a reasonable dose. Considering the antihypertensive effect of casein hydrolysate,
casein hydrolysate may generate a synergistic effect with synthetic ACE inhibitors and
reduce the amount of synthetic ACE inhibitor administration in hypertensive patients.

There are published systematic reviews and meta-analyses investigating the influences
of casein hydrolysate supplementation on BP and other CVD risk factors [28-31,56,57]. Our
findings suggest that casein hydrolysate supplementation is beneficial for blood pressure
control, consistent with previous systematic reviews. However, limitations still existed
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in these studies. For instance, these studies did not include the most recent studies on
CVD risk factors. A recent systematic review and meta-analysis about the effects of ca-
sein hydrolysate on blood pressure was published in 2015 [28]. An increasing number of
new RCTs that met the inclusion criteria was published, potentially leading to different
discoveries. Moreover, some published meta-analyses studies lack detailed subgroup anal-
ysis [29,31]. Turpeinen et al. [29] only conducted the overall analysis on SBP (—4 mmHg;
95% CI: —=5.9, —2.1 mmHg; p < 0.001) and DBP (—1.9 mmHg; 95% CI: —3.1 to —0.8 mmHg;
p < 0.001). In another study, subgroup analysis only included a small number of par-
ticipants, which may lead to a biased conclusion [30]. Two studies only concentrated
on the pooled effects of casein hydrolysate on BP in specific populations [56,57]. Cicero
et al. [57] reported that the casein hydrolysate could moderately reduce SBP (—1.28 mmHg;
95% CI: —2.09, —0.48 mmHg; p = 0.0017) in European subjects. Compared with these
published meta-analysis articles, our review conducted pooled and detailed subgroup
analyses of casein-derived hydrolysate supplementation on multiple CVD risk factors. We
also incorporated recent published RCTs investigating the effect of casein hydrolysate on
BP (see Supplemental Material in Table S1). Although our updated results still support
the BP lowering effect of casein hydrolysate, we also found that the BP reduction effect
of casein hydrolysate was similar for participants stratified by baseline BP, age, dura-
tion of the intervention, preparation methods, and disease status. These results suggest
that the antihypertension activities of casein hydrolysate could be generalized to diverse
populations.

Reviewing the RCTs articles that met inclusion criteria, few articles investigated the
effects of casein hydrolysate consumption on blood lipids or blood glucose in humans [58].
Jauhiainen et al. [58] reported that casein hydrolysate intake for three months showed
no differences in blood lipids compared with the control group for mildly hypertensive
subjects. Until now, there has been a lack of systematic review and meta-analysis on blood
lipids and blood glucose of casein hydrolysate. Therefore, we extracted relevant blood
lipids and blood glucose data from numerous BP RCTs to explore the effects of casein
hydrolysate intake. Different from previous systematic reviews of casein hydrolysate, the
influences of casein hydrolysate supplementation on blood lipids and blood glucose were
also analyzed by the overall and stratified analyses in our study. Our results indicated
that casein hydrolysate intervention did not affect blood lipids or blood glucose in both
overall and stratified analyses. Although casein hydrolysate contains beneficial bioactive
peptides with anti-inflammatory and antioxidant activities, which are expected to display
improving effects on blood lipids and blood glucose, such effects may require a longer-term
intervention of casein hydrolysate. In the current analyses, the intervention duration of
most studies was less than 2 months. Therefore, a long-term intervention (e.g., 6 months or
more) is needed to capture the influences of casein hydrolysate on blood lipids or blood
glucose.

Limitations still exist in the present study. First, several results were obtained from a
small number of RCTs, especially in some stratified analyses, which may lead to biased
results. Second, although the risk of bias in all eligible studies was adequately represented
in the figures, some included RCT studies did not report sufficient information on the
random sequence generation and allocation concealment. Third, some results may have
significant heterogeneity and publication bias, which potentially influences the reliability
of the results. Fourth, the BP reduction in casein hydrolysate may be also attributed
to weight loss [59,60]. Casein hydrolysate supplementation induces satiety hormone
(i.e., glucagon-like peptide 1, GLP-1) release, thus reducing portion size and food intake
over time [60]. In addition, office blood pressure cannot be considered a specific indicator
for an independent antihypertensive mechanism. Thus, the review requires weight and
other clinical, biochemical results. Fifth, CVD risk factors are not equivalent to CVD risk;
the CVD preventative effect still requires long-term evaluations in the future.

In conclusion, our study supports the beneficial role of casein hydrolysate intake in
improving blood pressure. Unlike casein protein, casein hydrolysate displayed no effect
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on blood lipids and fasting blood glucose. Large-scale and long-term studies are still
warranted in the future to validate the effect of casein hydrolysate on CVD incidence and
the findings obtained in this study. In addition, our findings of this systematic review and
meta-analysis have certain public health implications, and casein hydrolysate combined
with other food-effective nutrients may generate potential synergistic effects on improving
human health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nu14194207/s1. Table S1: Characteristics of the publications
included in the meta-analysis. Table S2: P value of Egger’s test analyses on SBF, DBP, TC, LDL, HDL,
TG, and FBG from included RCTs articles. Figure S1: Funnel plots on SBP, DBP, TC, LDL, HDL, TG,
FBG in the overall effect analysis. Figure S2: Sensitivity analysis on SBP, DBP, TC, LDL, HDL, TG,
FBG in the overall effect analysis. Figure S3: Forest plots (A), sensitivity analysis (B), and funnel
plots (C) on SBP (mmHg) in baseline SBP analysis. Figure S4: Forest plots (A), sensitivity analysis
(B), and funnel plots (C) on SBP (mmHg) in the age analysis. Figure S5: Forest plots (A), sensitivity
analysis (B), and funnel plots (C) on SBP (mmHg) in the duration analysis. Figure S6: Forest plots (A),
sensitivity analysis (B), and funnel plots (C) on SBP (mmHg) in the preparation analysis. Figure S7:
Forest plots (A), sensitivity analysis (B), and funnel plots (C) on SBP (mmHg) in the disease analysis.
Figure S8: Forest plots (A), sensitivity analyses (B), and funnel plots (C) on DBP (mmHg) in baseline
DBP analysis. Figure S9: Forest plots (A), sensitivity analyses (B), and funnel plots (C) on DBP
(mmHg) in the age analysis. Figure S510: Forest plots (A), sensitivity analyses (B), and funnel plots
(C) on DBP (mmHg) in the duration analysis. Figure S11: Forest plots (A), sensitivity analyses (B), and
funnel plots (C) on DBP (mmHg) in the preparation analysis. Figure S12: Forest plots (A), sensitivity
analyses (B), and funnel plots (C) on DBP (mmHg) in the disease analysis. Figure S13: Forest plots
(A), sensitivity analysis (B), and funnel plots (C) on TC (mmol/L) in the age analysis. Figure S14:
Forest plots (A), sensitivity analysis (B), and funnel plots (C) on TC (mmol/L) in the duration analysis.
Figure S15: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on TC (mmol/L) in the
preparation analysis. Figure S16: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on TC
(mmol/L) in the disease analysis. Figure S17: Forest plots (A), sensitivity analysis (B), and funnel
plots (C) on LDL (mmol/L) in the age analysis. Figure S18: Forest plots (A), sensitivity analysis
(B), and funnel plots (C) on LDL (mmol/L) in the disease analysis. Figure S19: Forest plots (A),
sensitivity analysis (B), and funnel plots (C) on HDL (mmol/L) in the age analysis. Figure S20: Forest
plots (A), sensitivity analysis (B), and funnel plots (C) on HDL (mmol/L) in the duration analysis.
Figure S21: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on HDL (mmol/L) in the
preparation analysis. Figure S22: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on HDL
(mmol/L) in the disease analysis. Figure S23: Forest plots (A), sensitivity analysis (B), and funnel
plots (C) on TG (mmol/L) in the age analysis. Figure S24: Forest plots (A), sensitivity analysis (B),
and funnel plots (C) on TG (mmol/L) in the duration analysis. Figure 525: Forest plots (A), sensitivity
analysis (B), and funnel plots (C) on TG (mmol/L) in the preparation analysis. Figure S26: Forest plots
(A), sensitivity analysis (B), and funnel plots (C) on TG (mmol/L) in the disease analysis. Figure 527:
Forest plots (A), sensitivity analysis (B), and funnel plots (C) on FBG (mmol/L) in the age analysis.
Figure S28: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on FBG (mmol/L) in the
duration analysis. Figure S29: Forest plots (A), sensitivity analysis (B), and funnel plots (C) on FBG
(mmol/L) in the preparation analysis. Figure S30: Forest plots (A), sensitivity analysis (B), and funnel
plots (C) on FBG (mmol/L) in the disease analysis. References [61-79] are cited in the Supplementary
Materials.
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