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Abstract: Bioactive peptides derived from milk proteins are an active research area. Exhibiting
numerous positive physiological effects on digestive, cardiovascular, immune and nervous systems,
these peptides thought to be one of the most promising ingredients for functional food. Generally,
these peptides are inactive within the parent proteins and can be liberated during milk fermentation
by the specific proteolytic systems of various Lactobacillus spp. Here we present the study of milk
fermentation by Lactobacillus helveticus NK1, Lactobacillus rhamnosus F and Lactobacillus reuteri LR1
strains. It was demonstrated that the antioxidant activity of the milk fermented by these strains
concomitantly increased with the strains’ proteolytic activity. For the angiotensin I-converting
enzyme (ACE) inhibitory activity, the same tendency was not observed. Although the proteolytic
activity of L. helveticus NK1 was two times higher than that of L. rhamnosus F, the milk fermented
by these strains showed comparable ACE inhibition. The analysis of the peptide profiles of the
fermented milk samples allowed us to hypothesize that some previously unreported peptides can be
produced by L. rhamnosus F. In addition, it was demonstrated that these potential ACE-inhibiting
peptides originated from the C-terminus of xgy-casein.

Keywords: Lactobacillus; milk fermentation; proteolytic activity; antioxidant activity; angiotensin-
converting enzyme inhibitory activity (ACE-I); peptidomics; bioactive peptides

1. Introduction

Nutraceuticals are any compounds derived from food sources and possessing extra
health benefits in addition to their basic nutritional value [1]. Typically, these compounds
are present by non-specific biological agents used to promote general well-being, control
symptoms and prevent malignant processes [2]. In this regards, nutraceuticals can be
generally considered as an alternative to pharmaceuticals (specifically designed and usually
chemically synthesized health-promoting and symptom-alleviating substances) [3].

Over the past decade, interest has risen in fermented dairy foods as a potent source of
nutraceuticals [4]. The nutraceutical values of these foods had been mainly attributed to
bioactive peptides encrypted within dairy proteins [5]. During fermentation these peptides
are released by the specific sets of proteases—cell envelope proteinases, CEPs—possessed
by lactic acid bacteria (LABs) [6]. Currently, the list of the proven health-promoting
properties of dairy peptides includes, but is not limited to, antioxidant, antihypertensive,
antimicrobial, antithrombotic and immunomodulatory properties [7].
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Traditionally, the starter cultures for dairy fermentation are selected based only on
the rheological, organoleptic and nutritional characteristics of the final product. However,
the potential of LABs to produce bioactive peptides forced the reconsideration of these
requirements. Nowadays, many scientists all over the world are involved in the search for
new strains of LABs that can be either added to the traditional starters for their enrichment
in bioactive peptides or used alone to produce bioactive premixes [8-10].

In our previous work, we demonstrated that Lactobacillus helveticus NK1, Lactobacil-
lus rhamnosus F and Lactobacillus reuteri LR1 strains exhibit good safety and technological
performance, as well as provide good probiotic properties to the final products [11,12]. In
this article, the proteolytic activity of these LABs and their ability to release bioactive pep-
tides with antioxidant and angiotensin I-converting enzyme inhibitory (ACE-I) properties
were investigated.

2. Materials and Methods
2.1. Preparation of Fermented Milk Samples

L. helveticus NK1, L. rhamnosus F, and L. reuteri LR1 strains were obtained from the
Microorganism Collection of the All-Russia Research Institute of the Dairy Industry (VN-
IMI, Moscow, Russia). The sequences of the 16S ribosomal RNA genes of these strains can
be found at the GeneBank accessory numbers MT448799, MN994629 and MN994628 for
L. helveticus NK1, L. rhamnosus F, and L. reuteri LR1, respectively.

For all fermentations, one liter of a reconstituted skim milk (RSM) was prepared by
adding the appropriate amount of skim milk powder to water and heating at 85 °C for
30 min with stirring. The heat-treated milk was then cooled to approximately 40 °C. The
sterile RSM was aseptically inoculated with 1% (v/v) of each strain (approximately 107
cells:mL~1) and incubated at 37 °C for 72 h. Samples were taken for analysis at 0, 6, 16, 24,
48, and 72 h of incubation and the change in pH was measured at each time point.

The cell population of each LAB was determined by counting the colony-forming
units (CFU) on MRS agar after incubation at 37 °C for 48-72 h under anaerobic conditions
using GasPak EZ anaerobe container systems (Becton, Dickinson and Company, Sparks,
MD, USA).

All fermentations were performed at minimum in triplicate, and the obtained data are
reported as mean =+ SD.

2.2. Characterization of Fermented Milk Samples

To obtain water-soluble extracts (WSEs), the following procedure was performed. For
the samples with a pH above 4.6, the pH was adjusted to 4.6 by adding 0.75% trichloroacetic
acid (TCA), and the sample was centrifuged at 10,000 g for 20 min at 4 °C. The supernatant
was filtered through a 0.45 um syringe filter and stored at —80 °C until further analysis.

The protein content of WSEs was determined using the Pierce BSA Protein Assay Kit
(ThermoFisher, Rockford, IL, USA).

The proteolytic activity was quantified by the measurement of the amount of released
amino groups in WSEs using the 2,4,6-trinitrobenzenesulfonic acid solution (TNBS, Sigma-
Aldrich, St. Louis, MO, USA) method. The optical density at 340 nm was measured using a
Synergy 2 microplate photometer—fluorimeter (BioTek, Winooski, VT, USA). A calibration
curve was prepared using L-leucine (L-Leu) as a standard (0.1-2.0 mM). The results were
expressed as L-Leu molar equivalents (mM (Leu)).

The in vitro antioxidant activity in WSEs was determined by the oxygen radical ab-
sorbance capacity fluorescence method (ORAC) using a Synergy 2 microplate photometer—
fluorometer as described in Ref. [13]. The peroxyl radical was generated directly in the
reaction medium during the thermal decomposition of the azo compound 2,2'-azobis
(2-methylpropionamidine) dihydrochloride (AAPH, Sigma-Aldrich, St. Louis, MO, USA),
initiated by incubation at 37 °C for 10 min. The antioxidant activity was expressed as the
amount of Trolox (Sigma-Aldrich, St. Louis, MO, USA) molar equivalents (1M TE).
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ACE-I activity in WSEs was determined by their ability to inhibit ACE (Sigma-Aldrich,
St. Louis, MO, USA). o-Aminobenzoyl-Phe-Arg-Lys(dinitrophenyl)-Pro (Sigma-Aldrich, St.
Louis, MO, USA) was used as a substrate with internal fluorescence quenching, as described
in Ref. [13]. The 96-well, black, nonbinding polypropylene microplates (Greiner Bio One,
Frickenhausen, Germany) were used. The measurements were carried out on a Synergy 2
microplate photometer—fluorometer. The half maximal inhibitory concentration (ICsp) was
expressed as mg of protein per mL.

2.3. Peptide Profile Analysis

The peptide profile of the WSEs was analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) in a system consisting of an Agilent 1100 chromatograph
(Agilent Technologies, Santa Clara, CA, USA) and an LTQ-FT Ultra mass spectrometer
(Thermo Scientific, Waltham, MA, USA) as described in Ref. [13]. The data are available in
Supplementary Materials, Table S1.

The set analysis of peptidomics data was performed using “UpSetR” and “eulerr”
R packages. The heat maps of peptidomics data were constructed using Peptigram—a
web-based application for peptidomics data visualization [14]. The search for peptides with
previously reported antioxidant and ACE-I activities was performed in the Milk Bioactive
Peptide Database [15] and BIOPEP-UWM Database [16].

3. Results and Discussion
3.1. Growth Performance, Acidification Capability and Proteolytic Activity

To assess the growth performance during milk fermentation of L. helveticus NK1,
L. rhamnosus F and L. reuteri LR1, milk was inoculated with corresponding LAB cultures and
fermented for 72 h. The dynamics of changes in the viable cell count are shown in Figure 1A.
During the fermentation process, L. helveticus NK1 demonstrated the highest growth rate as
well as the highest maximally attainable viable cell count, (1.58 + 0.15) x 10° CFU-mL~!
(at 24 h), among all studied LABs. The exponential growth phase for this strain lasted
until 16 h, and the stationary phase until 24 h. For the L. rhamnosus F, having an inter-
mediate growth rate, the exponential growth phase lasted approximately until 24 h, and
the stationary phase until 48 h; the maximally attainable viable cell count comprised
(1.10 £ 0.11) x 10° CFU-mL~! (at 48 h). The lowest growth rate was demonstrated by
L. reuteri LR1. This strain grew exponentially until 48 h, when it attained the maximal
viable cell count of (4.50 £ 0.19) x 108 CFU-mL~!; there was no pronounced stationary
growth phase observed for this LAB (the values at 24 and 48 h were significantly different
according to the Student’s t-test, p < 0.05).
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Figure 1. Fermentation characteristics of the L. helveticus NK1, L. rhamnosus F and L. reuteri LR1: (A)—the dynamics
of change in the viable cell count; (B)—the dynamics of change in the pH value; (C)—the dynamics of change in the

proteolytic activity.

The dynamics of changes in the pH values are shown in Figure 1B. As expected,
the acidification capabilities of all studied LABs negatively correlated with their growth
patterns, and the faster the strain grew, the greater acidification of its medium was observed.
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While L. helveticus NK1 showed a pH decrease of approximately three units in a 24 h
timespan (reaching the final pH of 3.25 & 0.20 at 72 h), L. rhamnosus F and L. reuteri LR1
decreased pH by the same amount only at the end of the fermentation. It should be noted
that all performed fermentations eventually led to the coagulation of milk proteins, because
of casein precipitation at a pH lower than 4.6 [17].

The degree of hydrolysis of milk proteins, which characterizes the proteolytic activity
of LABs, was measured as the concentration of free amino groups expressed in L-leucine
equivalents. The dynamics of changes of the proteolytic activity for the studied LABs
are shown in Figure 1C. Among all studied LABs, the highest proteolytic activity was
demonstrated by L. helveticus NK1. For this LAB, an active growth of the proteolytic
activity was observed in the first 16 h of fermentation, when the proteolytic activity
reached 13.07 &+ 1.05 mM (Leu). Then, during the period of 16-24 h, the proteolytic activity
remained constant, after which a slight increase up to 16.36 £ 1.15 mM (Leu) was observed.
For the L. rhamnosus F and L. reuteri LR1, the dynamics of the proteolytic activity were
different. For both of these LABs, a slight decrease in the proteolytic activity was observed
in the first 6 h of fermentation—from 3.17 £ 0.22 mM (Leu) to 2.89 4+ 0.19 mM (Leu) for
L. rhamnosus F and from 3.08 + 0.37 mM (Leu) to 1.98 + 0.22 mM (Leu) for L. reuteri LR1.
This can indicate that the process of the utilization of peptides, which were already present
in milk, prevailed over the process of the hydrolysis of milk proteins by LAB’s proteases.
The most active increase (up to 7.87 & 0.63 and 2.86 £ 0.34 mM (Leu) for L. rhamnosus
F and L. reuteri LR1, respectively) in proteolytic activity was observed from 6 to 24 h of
fermentation, after which the proteolysis went slower. At the end of the fermentation, the
proteolytic activities comprised 10.81 £ 0.86 mM (Leu) and 6.35 £ 0.76 mM (Leu) for the
L. rhamnosus F and L. reuteri LR1, respectively.

While the strain L. helveticus NK1 demonstrated comparable proteolytic activity to
those previously reported for this LAB species [18,19], the strain L. rhamnosus F studied in
this work showed a higher proteolytic activity than those described in the literature—the
L. rhamnosus PRA331 strain after 72 h of fermentation on milk had a proteolytic activity of
6.4 mM (Leu) (pH 4.0) [20]. Unfortunately, no comparable data on the proteolytic activity
of L. reuteri have been previously published. The low proteolytic activity of L. reuteri LR1
can be explained by its lifestyle. Apart from the L. helveticus and L. rhamnosus, which are
nomadic species, persisting for a limited time in the gut, the L. reuteri is strongly host-
associated [21]. As such, this species does not require a potent proteolytic system on its
own. Indeed, while two and one CEPs were identified in the genomes of L. helveticus
and L. rhamnosus [6,22], respectively, there were no CEPs reported in the genomes of
L. reuteri [23].

3.2. The Development of Antioxidant and Antilypertensive Properties

The development of antioxidant activity during the fermentation of milk by the stud-
ied LABs is shown in Figure 2A. The antioxidant activity of milk fermented by L. helveticus
NKT1 actively increased up to 657 & 53 uM TE in the first 16 h of fermentation, after which it
remained at the same level until 24 h. Further, a secondary increase up to 1045 &= 73 uM TE
in antioxidant activity was observed. For milk fermented by L. rhamnosus F and L. reuteri
LR1, the growth of antioxidant activity was not observed in the first 6 h of fermentation.
From 6 to 24 h, the milk fermented by L. rhamnosus F demonstrated an intense increase
in antioxidant activity up to 751 £ 60 uM TE, after which it continued to linearly grow
until the end of fermentation, reaching 855 + 60 uM TE. As for the milk fermented by
L. reuteri LR1, the antioxidant activity increased up to 415 + 46 uM TE at 24 h, after which
it remained the same until the end of fermentation.
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Figure 2. The development of antioxidant and angiotensin I-converting enzyme inhibitory (ACE-I) activities in the milk

fermented by L. helveticus NK1, L. rhamnosus F and L reuteri LR1: (A)—the development of antioxidant activity; (B)—the

development of ACE-I activity.

The development of ACE-I activity is shown in Figure 2B. For milk fermented by
all studied LABs, the most active increase in ACE-I activity (i.e., decrease in ICs) was
observed in the first 24 h of fermentation. At this time, for milk fermented by L. helveticus
NK1 and L. rhamnosus F, the ICsg reached the values of 0.60 4= 0.07 and 0.95 4 0.1 mg~mL_1,
respectively. For milk fermented by L. reuteri LR1, the ICsy at 24 h of fermentation was
2.63 +0.29 mg~mL’1. For all studied LABs, after 24 h the IC5) decreased slowly and
reached 0.18 £ 0.02, 0.21 £ 0.03 and 1.07 £ 0.13 mg-mL’1 for L. helveticus NK1, L. rhamnosus
F and L. reuteri LR1 at 72 h of fermentation, respectively.

The observed differences between the patterns of development of the antioxidant and
ACE-I activities for studied LABs can be explained by the general requirements for peptides
to possess such activities. In the case of antioxidant activity, peptides should be short (up to
20 amino acids) and contain a high proportion of hydrophobic amino acids [24-26]. Since
many peptides can satisfy these minimal requirements, any LAB can potentially produce
several of them as a part of the total peptide pool. Therefore, the bigger the total pool of
peptides (i.e., degree of proteolysis) in the fermented product, the greater the amount of
antioxidant peptides it will contain, and the higher the antioxidant activity it will possess.
In our case, the proteolytic activity decreased in the series L. helveticus NK1 > L. rhamnosus
F > L. reuteri LR1, and the same was observed for antioxidant activity. It should be noted
that the same correlation of proteolytic and antioxidant activities was previously reported
in Refs. [27,28].

In contrast to antioxidant peptides, ACE-I peptides are very sequence-specific, since
they have to perform competitive inhibition at the catalytic site of ACE [26]. Therefore,
their production is strongly dependent on the ability of the LAB’s proteolytic system to cut
at specific sequences. Consequently, only a small fraction, if any, of peptides will possess
this activity independently of the degree of hydrolysis. In our study, we observed that
at 24 h; the ACE-I activities of L. helveticus NK1 and L. rhamnosus F became roughly the
same, despite the almost two times greater degree of proteolysis for L. helveticus NK1. Most
probably, L. rhamnosus F produces more active ACE-I peptides unique to this LAB.

3.3. Peptide Profile

To get more insight into the process of the development of antioxidant and ACE-I
activities, for each LAB, biological replicates from the 16 h of fermentation were pooled
together and the peptide profile was determined using the LC-MS/MS technique. As
expected, all detected peptides were mainly released from the milk’s caseins—f3-, g;-,
asp- and k-casein; only these peptides were subjected to further analysis. The performed
analysis allowed for identifying 104, 149, 98 and 128 peptides in the original milk and the
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milk fermented by L. helveticus NK1, L. rhamnosus F and L. reuteri LR1, respectively. In total,
331 unique peptides were identified in all studied samples.

As can be seen from Figure 3, all the studied LABs significantly altered the peptide
composition of the original milk. From the 104 peptides originally present in the milk, 31
peptides were totally absent in all fermentations. The greatest alteration was observed in the
milk fermented by L. helveticus NK1. Among all peptides detected in the fermentation with
this LAB, 113 were unique to it; 9 and 5 peptides were uniquely shared with L. rhamnosus
F and L. reuteri LR1, respectively. For L. rhamnosus F, 44 peptides were unique; 9 and
6 peptides were uniquely shared with L helveticus NK1 and L. reuteri LR1, respectively.
Compared to other LABs, the fermentation with L. reuteri LR1 contained the highest amount
of the peptides originally present in the milk; however, the number of unique peptides—
47—was comparable with those detected in L. rhamnosus F. Interestingly, L. helveticus NK1
mainly released unique peptides from {3-casein (82 peptides), while L. rhamnosus F and
L. reuteri LR1 mainly released unique peptides from «g;-casein (18 and 26 peptides for
L. rhamnosus F and L. reuteri LR1, respectively).

B B-casein

B asi-casein
B as2-casein
B k-casein
: —
- I T
1 -
0 50 100 150

Figure 3. Set analysis of peptidomics data: UpSet plot, and area-proportional Euler diagrams. Unfermented milk was used

as a control.

To illustrate the proteolysis patterns of the casein fractions, all detected peptides were
mapped on the 3-, as1-, xgp- and k-casein sequences (Figure 4). Generally, all studied
LABs were able to cleave the (3-casein along almost the entire length of its sequence; the
ag1-casein was predominantly cleaved at its N- and C-termini, and the k-casein at its
C-terminus. In the case of xgy-casein, the different LABs demonstrated the most different
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patterns of cleavage, which is especially apparent at the protein’s termini: L. helveticus NK1
did not produce peptides from both termini of the protein; L. rhamnosus F was able to cleave
both N- and C-termini; and L. reuteri LR1 performed cleavages only at the C-terminus.

A DL D
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B-casein intensity © ¥ YT aSl-casein intensity S BTNV
NL ZID 4ID GIU Slﬂ lslﬂ 1.2(! 1.40 I.SU llsﬂ Zlﬂﬂ ZIZ(.)C Ne 2.0 4P 6.0 Blﬂ 1?0 1?0 1.40 llﬁﬂ 1?0 290 iC
L. helveticus i |
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L. rhamnosus . .

L. reuteri

Control

Figure 4. Heat map of peptidomics data. The color intensity is proportional to the normalized per protein ion intensities of
peptides, with dark green indicating high peptide intensity and light green indicating low peptide intensity.

As a result of the search for the determined peptides in publicly available databases
and published literature, 22 complete matches were found (Table 1). While 14 peptides
with proven ACE-I activity were determined in the milk fermented by L. helveticus NK1,
for L. rhamnosus F and L. reuteri LR1 this number was only 4 and 10 peptides, respectively.
Although, the smaller number of ACE-I peptides in L. reuteri LR1 well explained its smaller
ACE-I activity, for L. rhamnosus F, having an ACE-I comparable to L. helveticus NK1, the
data again suggested the presence of unique, previously unreported peptides.
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Table 1. Bioactive peptides identified in milk samples fermented by Lactobacillus spp. strains after 16 h of milk fermentation *.

MS Extracted Ion Intensity

Peptide Protein Fragment Control LrLR1 L F Thel NK1 Activity Ref.
DKIHPF B-CN f (47-52) nd nd 1.34 x 10° 3.33 x 10° ACE-I/ Antioxidant [29]
VVPPFLQPE B-CN f (83-91) nd nd nd 1.44 x 10° ACE-I [30]
YPFPGPIPN B-CN f (60-68) nd 2.77 x 10° nd nd ACE-I [31]
NIPPLTQTPV B-CN f (73-82) nd nd nd 6.56 x 10° ACE-1 [29]
TQTPVVVPPFLQPE B-CN f (78-91) nd nd nd 1.25 x 10° Antioxidant [32]
DVENLHLPLPLLQSWM B-CN f (129-144) nd nd nd 8.21 x 10° ACE-1 [33]
LHLPLPLLQSW B-CN f (133-143) nd nd nd 1.29 x 10° ACE-I [29,30]
SLSQSKVLPVPQK B-CN f (164-176) nd nd nd 9.27 x 10° Antioxidant [32]
KVLPVPQ B-CN f (169-175) nd nd nd 2.17 x 10° ACE-1 [34]
LLYQEPVLGPVRGPFPIIV B-CN f (191-209) 8.89 x 10° 8.52 x 10° nd 1.28 x 108 ACE-I/Antioxidant [32]
YQEPVLGPVRGPFP B-CN f (193-206) nd 3.42 x 10° 1.73 x 10° nd ACE-1 [32]
QEPVLGPVRGPFPIIV B-CN £ (194-209) nd 1.8 x 10° 3.04 x 107 1.13 x 108 ACE-I/ Antioxidant [32]
EPVLGPVRGPFP B-CN f (195-206) nd 417 x 10° nd nd ACE-I [35]
GPVRGPFPIIV B-CN £ (199-209) 1.17 x 100 7.49 x 10° 2.66 x 10* 242 x 107 ACE-1 [30]
RPKHPIKHQ og1-CN £ (1-9) nd 4.09 x 10* nd 6.06 x 10° ACE-I [31]
EVLNENLLRF xg1-CN f (14-23) nd 1.46 x 10° nd nd ACE-1 [32]
FVAPFPEVEGKE ag-CN f (24-35) nd nd nd 3.72 x 10° ACE-I/ Antioxidant [30]
VAPFPEVFGKE ag1-CN f (25-35) nd nd nd 445 x 10° ACE-1 [32]
LYQGPIVLNPWDQVK agp-CN f (99-113) nd nd nd 3.9 x 10° ACE-1 [32]
NAVPITPT ogr-CN f (115-122) 6.11 x 10° 5.81 x 10° nd nd ACE-I [32]
KYIPIQYVL k-CN f (30-38) nd nd nd 447 x 10° Antioxidant [33]
VQVTSTAV k-CN f (162-169) 321 x 10° 3.15 x 10° nd nd ACE-I [30]

* Unfermented milk was used as a control. Abbreviations: 3-CN—f-casein; ag;-CN—aS1-casein; agy-CN—ag,-casein; k-CN—«k-casein. Lr LR1—L. reuteri LR1; Lrh F—L. rhamnosus F; Lhel NK1—L. helveticus

NKI1.
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To identify potential ACE-I peptides from L. rhamnosus F, its unique peptides were
searched for specific ACE-I patterns. Previously, it was shown that peptides that possess in
their sequence an aromatic residue at the C-terminal position are better ACE inhibitors [36].
Moreover, the location of aliphatic, basic and aromatic residues in the penultimate position,
and proline, aromatic and aliphatic residues in the last position, was proposed as the strong
ACE-I pattern [37]. In our case, five peptides satisfying these requirements were identified
(Table 2). Interestingly, all these peptides originated from the C-terminus of xgp-casein.

Table 2. The agp-casein (xsp-CN) peptides identified in milk samples fermented by L. rhamnosus F
strains after 16 h of milk fermentation.

Peptide * Protein Fragment MS Extracted Ion Intensity
QHQKAMKPW agp-CN f (200-208) 1.88 x 10*
PWIQPKTKVIPYVRYL agy-CN £ (207-222) 1.66 x 10°
IQPKTKVIPYVRYL agr-CN £ (209-222) 1.14 x 107
IQPKTKVIPY agp-CN f (209-218) 1.44 x 10°
KVIPYVRYL agp-CN f (214-222) 7.53 x 10*

* Typical for ACE-I peptides amino acid residues are shown in bold.

4. Conclusions

In the current work, different abilities of LABs to develop antioxidant and ACE-
inhibitory properties during milk fermentation were observed. For all studied LABs, the
development of antioxidant activity was correlated with the degree of milk proteolysis. The
strain demonstrating the highest proteolytic as well as antioxidant activities was L. helveticus
NK1, followed by L. rhamnosus F and L. reuteri LR1. Although the proteolytic activity of
L. helveticus NK1 was two times higher than that for L. rhamnosus F, the milk fermented by
these strains showed comparable ACE inhibition after 24 h of fermentation. The analysis of
the peptide profile of the obtained products of fermentation allowed us to hypothesize that
some previously unreported peptides should be produced by L. rhamnosus F. The detailed
analysis of the L. rhamnosus F peptide profile allowed us to suggest that, most probably, its
ACE-inhibitory peptides originated from the C-terminus of the xgy-casein. These peptides
are promising candidates for the further testing of their antihypertensive properties in vivo
using an appropriate pure line of rats (e.g., spontaneously hypertensive rats, SHR).
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