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Abstract: It is believed that microalgae biomass can be used in a variety of ways. However, their use is currently
limited to specific fields, and there are a few applications of microalgae biomass in drug discovery. Numerous
microalgae inhabit the world, and they likely produce unknown substances that contribute to human health. In this
study, therefore, we used Haematococcus as a material to search for substances that were beneficial to human
health. We tried to identify them using their blood pressure-lowering effect as an indicator, and then we succeeded
in isolating two novel substances, saganhaematenone A and B. The structural analysis revealed that they belong
to glyceroglycolipid and were analogues with a stereoisomeric relationship. Our findings suggest that microalgae
biomass may also have beneficial effects on human health.
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1. Introduction

Microalgae biomass has various uses, including industrial materials and fuels [1-3]. Optimization
of microalgae biomass production is progressing, but it is still very costly, and high-value-added final
products are needed [3]. Therefore, the pharmaceutical use of microalgae biomass is the best way. Based
on this background, we decided to search for biologically active substances using microalgae.

Among a range of pharmacological effects, we focused on the anti-hypertension effect because
the number of patients with hypertension is increasing with the increase in the elderly population [4].
The blood pressure level is controlled by several ways, and the renin-angiotensin system is one of the
most-characterized ones [5, 6]. Angiotensin Il, a peptide hormone that raises blood pressure level, is
synthesized from an inactive precursor, angiotensinogen. The precursor is digested by the protease,
renin, to produce angiotensin I, which is then cleaved by the protease, angiotensin-converting enzyme
(ACE), to form an active version, angiotensin Il. Therefore, it is expected that inhibiting the protease
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will block the production of angiotensin Il and prevent an increase in blood pressure. [7, 8]. Indeed, one
of the two proteases, ACE, is a promising drug target for the treatment of hypertension, and several
prescription drugs were brought to the market, including captopril, enalapril, and lisinopril [9, 10]. In
this study, we tried to look for the substances that inhibit ACE activity using Haematococcus lacustris
(Gir.-Chantr.) Rostaf. (a.k.a. Haematococcus pluvialis Flot.) Our efforts successfully identified two
novel compounds, saganhaematenone A and B (enone moiety-containing compounds derived from the
Haematococcus strain established at Saga city).

2. Materials and Methods

2.1. Strain and Culturing Conditions

The H. lacustris dSgH-K1strain used in the study was an axenic clonal culture isolated on
December 3, 2017, from a small puddle in Kita-Kawasoe Town, Saga City, Saga Pref., Japan. We
established more than 50 strains at that time, and the strain showed the highest growth rate. This culture
strain has been maintained in a polycarbonate bottle (10 L, 2251-0020, Thermo Fisher Scientific) in 8L
AF6 medium [11] at ca. 25 °C under a 12-h light/12-h dark cycle with white, fluorescent illumination
(approximately 100 umol photons m=2s71). The culture was aerated with 5% CO; at 1 Lmin. Every 2
weeks, half of the culture (4 L) was harvested and stored in a refrigerator (ca. 10 °C) for spontaneous
sedimentation of K1 strain cells. Dry cell weight at harvest was approximately 0.2 gL . Microscopic
examination showed no accumulation of astaxanthin in the cells. After the cells spontaneously
sedimented, the supernatant was discarded, and a cell concentrate was prepared and used as a sample
for the next extraction step. In total, five harvesting and concentration operations were conducted.

2.2. Extraction and Isolation of ACE Inhibitors

The harvested dSgH-K1 strain cells were pooled together and extracted with aqueous methanol for
two weeks with sonication once a week, then the residue was removed by filtration. The agueous
methanol extract was concentrated, then partitioned between water and ethyl acetate. The ethyl acetate
fraction was partitioned again between hexane and 80% aqueous methanol. These three fractions (water,
hexane, and 80% methanol) were examined to determine whether they could inhibit ACE activity or
not, and it was found that the 80% methanol fraction could. Then, the 80% methanol fraction was
fractionated with reverse-phase open column chromatography (50 1.D. x 150 mm, COSMOSIL 75Cis-
OPN, Nacalai Tesque) with aqueous methanol. Next, the active fraction was subjected to reverse phase
open column chromatography again (30 I.D. x 150 mm), followed by preparative thin-layer
chromatography (PLC, 10 x 10 cm silica gel 60 Fzs4, 0.5 mm, Merck) with a 1:4 mixture of hexane and
ethyl acetate as a solvent. A reverse-phase high-performance liquid chromatography (HPLC,
COSMOSIL C18-MS-I11, 4.6 1.D. x 250 mm, Nacalai Tesque) with a 43% acetonitrile in water as an
eluent was used at the final step of purification.

2.3. Evaluation of ACE Inhibitory Activity

ACE activity was examined by means of using the ACE kit-WST (DOJINDO). The microalgae
extracts were dissolved in methanol or dimethyl sulfoxide, followed by dilution with H2O, and then used
to test their effect against ACE activity. The ACE activity was evaluated per the manufacturer’s
instructions by measuring the absorbance at 450 nm of the pigment after cleavage of the substrate
peptide using a plate reader (SpectraMax iD3, Molecular Devices). The activity of saganhaematenones
was evaluated by performing ACE activity evaluation in the presence of various ACE inhibitor
concentrations, then the ACE activity rate was calculated using the following formula: (As-An) / (Ae-
An) X 100%, where An: the absorbance in the negative control without enzyme, ACE, Ar: the absorbance
in the positive control without algae sample, and As: the absorbance in the presence of ACE inhibitors.
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2.3. Docking Simulation Study

The three-dimensional structure of ACE was retrieved from the Protein Data Bank (PDB
accession no. 1UZF). The protein was prepared for docking by removing water and ligand molecules,
adding polar hydrogen atoms, and energy minimization using UCSF Chimera (version 1.19) [12].
Energy minimization of saganhaematenones was carried out by OpenBabel software (version 3.1.1) [13].
Molecular docking simulations were performed using AutoDock Vina (version 1.1.2) [14]. A grid box
was maximized throughout the protein; the size of the grid box was approximately 50 A x 50 A x 50 A.
The exhaustiveness of the search was set to 100. The docking results were analyzed, and the pose with
the lowest binding affinity (AGuinding, Kcal/mol) was selected for further analysis. The interaction
between ACE and saganhaematenonen was visualized and analyzed using PyMOL (version 3.1.0) and
PoseView[15] in the Protein Plus Web server. The 2D diagram generated by PoseView highlighted key
interactions, including hydrogen bonds and hydrophobic interactions between the ligand and the amino
acid residues of the ACE protein.

3. Results and Discussion
3.1. Purification of Saganhaematenones

The 80% methanol fraction was divided into 5 parts (#31-#35) with reversed-phase open column
chromatography and examined which one that was effective in inhibiting ACE activity. As a result, all
fractions except #34 inhibited ACE activity and identified two compounds from fractions #31 and #32,
respectively [16]. In this study, we focused on the fraction #35. Sequential fractionation of the #35 with
Octa Decyl Silyl (ODS) open column, PLC, and HPLC successfully purified two compounds,
saganhaematenone A (0.25 mg) and saganhaematenone B (0.23 mg), as colorless solids.

3.2. Structure Elucidation

Then we tried to elucidate their chemical structures. Analyzing HRMS data (Figure S1) for
saganhaematenone A indicated a molecular ion of m/z 527.2816 for [M + Na]*, providing a molecular
formula of CzsH44010. The *H-NMR spectrum (Figure S2) of saganhaematenone A showed one triplet
methyl (0.89 ppm), some methylenes (1.3-1.8 ppm), and one olefin next to the carbonyl group (6.13
ppm and 6.91ppm). *C-NMR and HMBC were not even when the measurement time was extended,
probably because of low quantity. COSY and TOCSY correlations (Figures S3 and S4) revealed six
partial structures, C2-C7, C9-C10, C15-C16, C1'-C3', C1"-C-2", and C1"™-C4"™ (Figure 1). From the
molecular formula and 1D and 2D NMR spectra and HMBC correlations, H9-C8 and H16-C14, it was
estimated that some methylenes were present between C10 and C15, and a carbonyl group was present
between C7 and C9. From the correlation, H2-C1, another carbonyl group was presented next to C2.
The geometry of the olefin was determined to be E by the coupling constant of H7-H8 (15.8 Hz).
Although having elucidated these three partial structures, we were not able to link them together because
of obtaining few valid correlations in the HMBC spectrum.

Analyzing HRMS data for saganhaematenone B (Figure S1) indicated a molecular ion of m/z
527.2815 for [M + Na]*, providing a molecular formula of C2sH44010. The *H-NMR spectrum (Figure
S6) of saganhaematenone B showed one triplet methyl (0.90 ppm), some methylenes (1.3-1.8 ppm),
and one olefin (6.13 ppm and 6.91 ppm). COSY and TOCSY correlations (Figures S7 and S8) revealed
six partial structures, C2-C7, C9-C10, C15-C16, C1'-C3', C1"-C-2", and C3"-C6" (Figure 2). HMBC
(Figure S10) correlations, H6-C8, H7-C8, H9-C8 and H10-C8, connected C7 and C9, and HMBC
correlation, H16-C14, connected C14 and C15. HMBC correlations, H2"-C3" and H4"-C2", connected
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Figure 1. Partial structures of saganhaematenones

C2"-C3", and another correlation, H5"-C1", indicated the presence of a hexose. From the molecular
formula and 1D and 2D NMR spectra, it was estimated that three methylenes are present between C10
and C14. HMBC correlations, H'1-C1 and H2-C1, indicated that a fatty acid was present at C1', and
another correlation, H3'-C1", indicated that a sugar moiety was present at C3’. The geometry of the
olefin was determined to be E by the coupling constant of H7-H8 (15.8 Hz). Based on these results,
saganhaematenone B was determined to have a planar structure as shown in Figure 2.
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Figure 2. Planer structure of saganhaematenones
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Saganhaematenones A and B had the same molecular formula, but their *H-NMR spectra did
not coincide, although they were similar. All elucidated partial structures of saganhaematenone A were
present in the structure of saganhaematenone B. Considering these results, it was thought that
saganhaematenones A and B were stereoisomers. Table 1 summarizes the *H-NMR and assigned *C-

NMR data.
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Table 1. NMR data for saganhaematenones A and B in CD;0D

Saganhaematenone A Saganhaematenone B
position 13ca 1HPb Coupling® position 13Ca 1Hb Coupling®
1 175.8 1 175.4
2 33.7 2.39 t(7.4) 2 35.0 2.36 t(7.4)
3 25.6 1.66 m 3 26.0 1.63 m
4 25.6 1.52 m 4 29.4 1.48 m
5 33.3 2.26 dt (6.6,6.6) 5 33.9 2.24 dt (6.6, 6.6)
6 149.4 6.91 dt (15.8, 6.6) 6 149.7 6.91 dt (15.8, 6.6)
7 129.9 6.13 d (15.8) 7 1315 6.13 d (15.8)
8 204.2 8 204.0
9 38.7 2.57 t(7.3) 9 40.6 2.60 t(7.3)
10 23.2 1.56 m 10 25.2 1.60 m
11-15  24.2-33.3 1.30-1.33 11-15  23.9-33.0 1.30-1.33
16 14.9 0.89 t(6.9) 16 14.6 0.90 t (6.9)
1 66.8 4.15 m 1 66.8 4.15 m
2' 69.9 3.98 m 2' 69.8 3.98 m
3a 72.2 3.91 dd (10.7, 4.7) 3a 72.2 3.91 dd (10.1, 4.3)
3b 3.64 dd (10.7, 4.6) 3Db 3.65 dd (10.1, 4.6)
1" 105.7 4.22 d(7.7) 1" 105.5 4.22 d (7.0
2" 72.7 3.52 m 2" 72.8 3.53 m
3" 74.9 3.45 dd (9.5, 3.1) 3" 75.1 3.47 dd (9.8, 3.2)
4" 70.6 3.81 brd (3.2) 4" 70.5 3.81 brd 3.0
5" 77.2 3.52 m 5" 77.0 3.51 m
6"a 62.8 3.75 m 6"a 62.7 3.75 dd (11.4,7.5)
6"b 3.70 m 6"b 3.70 dd (11.0, 5.0)

3Chemical shift values were based on the HMBC and HMQC spectra. "Recorded at 600 MHz. °Coupling constants
(Hz) are in parentheses

3.3 ACE Inhibitory Activities of Saganhaematenones

Finally, we evaluated the ACE inhibitory effects of these compounds. ACE activities were
measured in the presence of several concentrations or absence of saganhaematenones to determine ICsg
values. Interestingly, the dose response curves of saganhaematenones were almost the same (Figure 3).
ACE activities were inhibited by 61% and 63%, and ICs values were calculated 159.3 and 184.0 uM,
for saganhaemtenone A and B, respectively.

To confirm the specific binding between ACE and saganhaematenones, we performed a in silico
docking study. Since the binding mode between ACE and the saganhaematenones was unknown, a
docking simulation was performed using the grid as the entire ACE. Interestingly, the results suggested
that saganhaematenone may bind to the same pocket as the antihypertensive drug captopril (Figure 4)
with a binding energy (AGuinding ) OF -7.6 kcl/mol.
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Figure 3. Inhibitory effects of saganhaematenones against ACE. ACE activities were measured under
various concentrations of saganhaematenones A and B. Each value is the mean + standard
error of the mean of triplicate determinations.
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Figure 4. 'H-'H COSY Visualization of comparison between captopril (yellow) and docking results
position of saganhaematenone (yellow) (A), and interaction between residues of ACE
and saganhaematenones, where dashed lines represent hydrogen bonds and green line
does hydrophobic ionteravtions.

In this study, using the Haematococcus lacustris dSgH-K1 strain established in Saga City, Saga
Prefecture, two natural products, saganhaematenone A and B, were identified as potential
antihypertensive substances with ACE inhibitory activity. They belong to glyceroglycolipid, a conjugate
composed of glycerol, sugar, and fatty acid, and are stereoisomeric structures of each other. It is known
that glyceroglycolipids are abundant in the thylakoid membranes of chloroplasts of plants or
cyanobacteria [17]. It is unclear why Haematococcus synthesizes saganhaematenones, but possibly, they
may play a role in photosynthesis in chloroplasts like other glyceroglycolipids.

However, against animal cells, glyceroglycolipids have been shown to have physiological
activities such as cancer cell proliferation inhibition, angiogenesis inhibition, and anti-inflammatory
activity [18]. The anti-inflammatory activity is thought to be related to the suppression of reactive
oxygen species production in phagocytes such as macrophages [19]. To the best of our knowledge,
however, this is the first example of glyceroglycolipids that exhibit ACE inhibitory activity.

Docking simulations revealed that saganhaematenones bind to the same site as captopril,
suggesting that they competitively inhibit ACE. The binding energy of captopril to ACE is estimated to
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be approximately -6.1 kcal/mol [20], while the predicted binding energies of saganhaematenones and
ACE are nearly identical at -7.6 kcal/mol. However, the ICs, values are significantly different
(Saganhaematenones: approximately 180 puM; captopril: 12 nM [21]). This is likely due to the difference
in physical properties between them; saganhaematenones are larger molecules and have a long fatty acid
chain.

It is unclear what the structural differences between the two inhibitors are because the purified
amounts were too small to determine the absolute configuration. However, both compounds inhibited
ACE activity in a concentration-dependent manner and showed almost equal ICso values even though
they were isomers, suggesting that their structural differences did not affect ACE activity. This finding
is thought to be important for future structure-activity relationship studies.

In conclusion, we successfully identified ACE inhibitors, saganhaematenones A and B,f using
the Haematococcus dSgH-K1 strain. Despite limited past utilization of microalgae in natural product
discovery, a systematic study holds the potential to reveal new bioactive compounds.
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