
RESEARCH ARTICLE
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ABSTRACT
The potential advantages of recombinant microbes as oral drug carriers for curing diseases have
attracted much attention. The use of recombinant oil microbes as living cell liposomes to carry poly-
peptide drugs may be an ideal polypeptide oral drug delivery system. GM4-DTS was constructed by
LFH-PCR from Rhodotorula glutinis GM4, which was screened and preserved in our laboratory, and
then transferred into choline-phosphate cytidylyltransferase (CCT), which is a rate-limiting enzyme for
lecithin synthesis. The results showed that the CCT gene was highly expressed in the GM4-DTS strain
and could significantly increase fatty acid and lecithin contents in GM4-DTS-PGK1-CCT. Moreover, insu-
lin, H22-LP, and a-MSH were successfully introduced into cells in vitro, and the strain no longer prolif-
erated in vivo, for safe and controllable polypeptide drug delivery. In vivo, normal mice were
intragastrically administered with recombinant strains carrying insulin and a-MSH, and different levels
of polypeptide drugs were detected in serum and tissue, respectively. Then, recombinant strains carry-
ing insulin were administered to type II diabetes mellitus mice. The results showed that the strains
could effectively reduce blood glucose levels in mice, which indicated that the recombinant strains
could carry insulin into the body, and the drug effect was remarkable. Therefore, recombinant GM4-
DTS-PGK1-CCT strains were successfully used as living cell liposomes to carry insulin, H22-LP, and
a-MSH peptides into the body for the first time; additionally, these strains have enhanced safety, con-
trollability, and efficacy.
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1. Introduction

Phospholipid bilaminar vesicular drug delivery systems based
on liposomes have been extensively studied as possible car-
riers of polypeptide drugs because of their similarities to cell
membranes, biocompatibility, and low toxicity (Tosato et al.,
2018). Recombinant microbial cells have been reported to be
very promising as oral drug carriers (Deshpande et al., 2016;
Lang et al., 2017; Liu et al., 2018; Zhang et al., 2018).
Previous studies have used Saccharomyces cerevisiae as a vac-
cine carrier (Liu et al., 2016), made yeast into microcapsules
as natural liposome-encapsulated drugs (Salari et al., 2015),
and used yeast as a natural bio-capsule to deliver unsatur-
ated fatty acids orally (Watanabe et al., 2014). Generally,
there are four main advantages for the use of recombinant
microorganisms as an oral drug carrier. (i) Drugs are not eas-
ily deactivated by gastrointestinal acid or proteases and a
similar efficacy to a normal gastrointestinal delivery system
can be obtained at a low dose (Blanquet et al., 2001). (ii)
Compared with injection, the patient’ compliance is

significantly increased. (iii) It can assist in the biotransform-
ation of drugs in administration through the digestive canal.
(iv) The rapid growth of microorganisms, continuous produc-
tion, and controllable production methods are helpful
(Steidler et al., 2000). At the same time, liposome-encapsula-
tion of peptide drugs is one of the key and difficult points in
the field of liposome drug delivery. Polypeptide drugs are
mainly encapsulated in liposomes, but liposomes are easily
oxidatively decomposed during storage and transportation in
vitro. Additionally, digestion and absorption in vivo are easily
affected by acids and enzymes, causing leakage of encapsu-
lated components, which greatly affects the biological func-
tion and application of liposome polypeptide drugs.
Therefore, using recombinant oil microbes as a living cell
liposome for delivery of drugs and as a lower molecular lipo-
philic drugs delivery system has unparalleled potential
advantages. However, research on yeast at home and abroad
is mainly focused on their surface modification or polypep-
tide secretion to deliver drugs (Padkina & Sambuk, 2018).
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Using intracellular lipid droplets from high-yielding oil yeast
as a liposome-encapsulated polypeptide and a live-cell poly-
peptide liposome has not been reported.

Rhodotorula glutinis, a common oil-producing Rhodotorula,
is widely found in nature and mammals (Rittmann, 2008),
and recent studies have demonstrated that R. glutinis could
be a nonpathogenic gene-delivery vehicle (Li et al., 2013).
Compared with other oil-producing yeasts, R. glutinis has
unique advantages; for example, it can use various carbon
sources to produce oil, and the oil yield is equivalent to
more than 50% of its own dry matter (Wang et al., 2009;
Schneider et al., 2013). In R. glutinis cells, oil exists in the fol-
lowing two forms: (1) in the form of body lipids, and the
content is constant, and (2) in the form of storage fats, and
95% of the oil in the microorganism usually exists in the
intracellular form of triglycerides (TAGs) composed of polyun-
saturated fatty acids (PUFAs), which further form lipid drop-
lets; that is, the oil exists in the cytoplasm in the form of
lipid droplets or fat particles (Papanikolaou et al., 2007).
Among them, CCT is a key enzyme in the phospholipid bio-
synthesis pathway, that is dominated by PUFAs (Mallampalli
et al., 1995). It can directly catalyze the synthesis of cytidine-
50-diphosphate choline (CDP-choline) through cytidine tri-
phosphate (CTP) and choline phosphate (Friesen et al., 2001),
thus promoting the synthesis and accumulation of phosphat-
idylcholine. This process must have a highly active CCT
enzyme for a microorganism involved in CDP-choline biosyn-
thesis; however, CCT enzyme activity is generally low in
microbial cells such as R. glutinis (Tsukagoshi et al., 1987).
Therefore, CCT has become a key rate-limiting enzyme in the
process of lipid synthesis and accumulation.

Rhodotorula glutinis CCTCC M 2012203 GM4, which was
screened and preserved in the laboratory, is a new strain of
Rhodotorula with high-yielding oil that has a similar fatty
acid composition to the fatty acid ratio required by human

(Rittmann, 2008). This strain has been tested for toxicity and
safety according to China’s New Resource Food Management
Regulations, and the experimental results in the
Supplementary Information prove that the strain is nontoxic
and could not proliferate in special medium (not including
TS) or in vivo. Therefore, in this study, to make the oil from
the R. glutinis GM4 strain more suitable for a drug liposome,
we used this new strain as a material to knock out thymidy-
late synthase (TS) and modify the strain with a CCT enzyme
through genetic engineering to improve the lipid contents of
the intracellular lipid droplets. This strain is advantageous for
drugs such as insulin, H22-LP, and a-MSH with few side
effects and remarkable curative effects for entering the body.
The recombinant R. glutinis no longer proliferates in vivo due
to its lack of TS, and carries the polypeptide drug for safe
and controllable release. It can accelerate the absorption of
the polypeptide drug in vivo, making it more similar to a syn-
thetic medicinal liposome, thereby providing a new strategy
for realizing the use of R. glutinis as a living cell liposome to
deliver polypeptide drugs.

2. Materials and methods

2.1. Strains, plasmids, and animals

The R. glutinis GM4 strain was grown in YPD medium and
the Rhodotorula toruloides, Saccharomyces cerevisiae, and
Escherichia coli in this study were routinely cultured.
Rhodotorula glutinis strain GM4 was screened and preserved
by our laboratory and could produce high-yield lipids and
unsaturated fatty acids (Rittmann, 2008). Saccharomyces cere-
visiae 2.1445 was used in this study for CCT gene isolation
and amplification was obtained from the China General
Microbiological Culture Collection Center (Beijing, China). The
R. toruloides was used in this study for TS gene cloning was

Figure 1. Construction of Rhodotorula glutinis integration vector pPICZ-PGK1-CCT-TS expressing exogenous CCT. Escherichia coli DH5a containing the pPICZ-rD
plasmid was cultured and centrifuged to obtain the pPICZ-rD expression vector. To achieve efficient expression of the exogenous CCT gene under the strong pro-
moter PGK1, we used overlap PCR to link the strong PGK1 gene and the CCT gene fragment and to ensure that no other sequences were present between the two
gene fragments, thereby avoiding the abnormal expression of the target gene due to the introduction of other genes. The overlap PCR products and pPICZ-rD
were digested with NcoI and BamHI respectively. After cleavage, the PGK1-CCT fragment and expression vector pPICZ-rD were purified, after which the purified
PGK1-CCT fragment and pPICZ-rD expression vector were ligated using T4 DNA ligase to construct the pPICZ-PGK1-CCT recombinant plasmid.
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preserved in our laboratory. The E. coli DH5a used in this
study for expression vector extraction was preserved in
our laboratory.

The expression vectors pPICZ-rD and pYES2-GFP were
constructed and preserved in our laboratory, and the recom-
binant plasmid pPICZ-PGK1-CCT was purchased from Takara
(Dalian, China).

Clean BALB/c mice, weighing 18–20 g and 4–5weeks of
age were purchased from the Experimental Animal Center,
Sun Yat-sen University, and were used throughout this study
in accordance with the policies and regulations for raising
and using laboratory animals. All mice were fed with stand-
ard mice feed and water and were bred under specific
pathogen-free (SPF) conditions.

2.2. Construction of TS-deficient strain

The TS-knockout component was constructed by long flank-
ing homology region-PCR (LFH-PCR). The GFP gene on the
pYES2-GFP plasmid was amplified according to the TS gene
sequence from the NCBI database and the sequence of
pYES2-GFP plasmid. The primers used are as follows, with
the underlined parts being complementary to the GFP
gene sequence.

Primer A: 50-CTTTCCTGCGTCGTCTACCA-30;
Primer B: 50-AGTGCTTCAGCCGCTACCC TTCAAGTCTGTAAC

CCATTCC-30fan;
Primer C: 50-TCACCTTGATGCCGTTCTT GTCGTGGGTTGTATC

GGTTTA-30 shun;
Primer D: 50-GCCTTCCCGTTCTATTTCTTC-30.
The GFP gene was amplified by primer B and C, and R. toru-

loides TS gene homologous sequence was added at both ends.
The R. toruloides chromosome was used as a template. The first
PCR was aimed at cloning the yeast chromosome homologous
sequence, and two pairs of primers were used for PCR amplifi-
cation. The second PCR cloned the GFP gene, using the pYES2-
GFP plasmid as a template, with primer A and primer D; 5 lL of
the first round of amplification products was added to the sys-
tem for PCR amplification. Purification was performed accord-
ing to the Omega Agarose Gel Kit operating instructions. The
R. glutinis competent cells were prepared according to the
transformation of yeast by the lithium acetate method (Tang
et al., 2004). The competent cells were cultured in YPD solid
medium containing thymidylate (50 lg�mL�1). Upon growth, a
large single colony was picked with a sterile toothpick and ino-
culated into YPD liquid medium containing thymidylate under
250 r�min�1 shaking culture at 30 �C. The yeast chromosome
was extracted as a template for transformant verification and
to inoculate the correct GM4-DTS strain on the YPD plate con-
taining thymidine for passage. After expansion, colonies were
randomly selected, and the yeast chromosome was extracted
as a template to further verify the stability of the exogenous
fragment in the knockout strain. The successfully constructed
GM4-DTS strain was sent to Synbio Technologies (Suzhou,
China) for sequencing.

2.3. Construction of integration vector expressing
exogenous CCT

The recombinant plasmid pPICZ-PGK1-CCT (Figure 1) was
constructed by Takara (Dalian, China), and the recombinant
plasmid was transformed into the GM4-DTS strain, which was
named GM4-DTS-PGK1-CCT. Then, the positive clones were
confirmed by PCR and double-enzyme digestion of the
recombinant GM4-DTS-PGK1-CCT strain. PCR amplification
was performed using the following specific primers: (1) CCT-
F, 50-ACTGAAGGGTCTGAGTTTGGG-30 and (2) CCT-R, 50-
GAAGCGGAGGGAGTGATGG-30.

2.4. Detection of plasmid stability during the passaging
of the recombinant GM4-DTS-PGK1-CCT strain

The recombinant GM4-DTS-PGK1-CCT strain was inoculated
into 30mL of YPD liquid medium and cultured at 30 �C with
shaking at 250 rpm. Then, 1mL of the bacterial solution was
diluted to 1:1� 104 with sterile water and then coated on a
common YPD plate; the total number of colonies and inte-
grated vector colonies were calculated. A 1% inoculation
sample was transferred to YPD liquid medium, cultured at
30 �C with shaking at 250 rpm. Twenty-four hours correlated
with 10 generations, and this sample was cultured for 60
generations. Plate counts were performed every 10 genera-
tions. The formula for the plasmid stability is as follows:

Stability %ð Þ ¼ integrated vector colonies
total colonies

� 100%:

2.5. Determination of CCT expression levels in the
recombinant GM4-DTS-PGK1-CCT strain

The correct recombinant plasmid was transferred to the
GM4-DTS strain and then plated on a YPD plate that was cul-
tured at 30 �C. After culturing for 20 h, the successfully con-
structed GM4-DTS-PGK1-CCT strain and GM4 strain were
inoculated into 30mL of liquid medium under 250 r�min�1

shaking culture at 30 �C. After culturing overnight, 1mL of
the bacterial solution was transferred to a new culture. After
continuing to culture for 24 hours at 30 �C in the medium,
1.5mL of the bacterial solution was removed and the thallus
was collected by centrifugation (12,000 r�min�1, 2min). The
bacteria were resuspended with 100lL of 1� SDS loading
buffer and then lysed and centrifuged at 8,000 r�min�1 for
10min at room temperature to precipitate the cell fragments
and DNA. Next, an appropriate amount of solution was
applied for SDS-PAGE analysis. At the same time, the expres-
sion of the CCT enzyme in the recombinant GM4-DTS-PGK1-
CCT strain was detected by Western blotting.

2.6. Analysis of the fatty acid and phospholipid
compositions of the recombinant GM4-DTS-PGK1-
CCT strain

The oil from the strain was extracted using the Soxhlet
extraction method, and the oil content¼ the amount of oil
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from the bacteria/the biomass of the bacteria �100%. The
fatty acid composition of the recombinant GM4-DTS-PGK1-
CCT strain was analyzed by gas chromatography (Fanali
et al., 2017). The following GC conditions were used: GC-
9870 gas chromatograph, the carrier gas was nitrogen, capil-
lary column HP-5MS (30m� 0.25mm �0.2 lm), flow rate of
1.0mL�min�1, and a set temperature program. The program
began at a starting temperature at 45 �C that was main-
tained for 1min, after which the temperature was raised to
220 �C at a speed 4 �C�min�1 and then maintained for
30min. At the time of injection, the temperature was 240 �C,
the split ratio was 1:20, and the injection volume was 2 lL.

The total phospholipids in GM4-DTS-PGK1-CCT were
extracted using the modified Bligh-Dyer method (Bligh &
Dyer, 1959), and the phospholipid contents were measured
by evaporative light-scattering detector (ESLD) analysis,
wherein the mobile phase was methanol-chloroform-aceto-
nitrile-water.

2.7. Detection of the position of the polypeptide in the
cell by laser confocal microscopy

The recombinant GM4-DTS-PGK1-CCT strain competent cells
were prepared with fifty micrograms of modified FITC-insulin,
FITC-H22-LP, or FITC-a-MSH being dissolved and mixed with
the competent cells. Exogenous insulin, H22-LP, and a-MSH
peptides were introduced into the strain by electroporation.
In total, 0.1mL of GM4-DTS-PGK1-CCT-F insulin, GM4-DTS-
PGK1-CCT-F H22-LP, and GM4-DTS-PGK1-CCT-F a-MSH strains
were separately weighed in a 1.5mL EP tube, centrifuged
(3,000 rpm, 5min), resuspended in distilled water, added with
Nile Red dye, stored in the dark for 2–3min, and then
observed by confocal microscopy (TCS SP2). The green fluor-
escent laser source was at 488 nm and red was at 514 nm.

2.8. Quantitative analysis by fluorescence
spectrophotometry

A concentration gradient FITC-insulin, FITC-H22-LP, or FITC-
a-MSH standard solutions was separately prepared to meas-
ure the fluorescence intensity (Fs). Similarly, the fluorescence
intensities Fx of GM4-DTS-PGK1-CCT-F insulin, GM4-DTS-
PGK1-CCT-F H22-LP, and GM4-DTS-PGK1-CCT-F a-MSH solu-
tion were determined. The F0 value of the blank solution
was determined in a 1mL cuvette. The standard curve was
prepared; the fluorescence intensities of insulin, H22-LP, and
a-MSH in living cells were quantitatively analyzed using the
excitation wavelength at 514 nm and the emission wave-
length at 492 nm; the wild GM4 strain served as a control.
The sample contents were calculated according to the stand-
ard curve.

Then, based on the amino acid sequence of the exogen-
ous polypeptide, we used the Protparam software at http://
www.expasy.org to predict the theoretical pI, instability
index, aliphatic index, grand average of hydropathicity
(GRAVY), and half-life of the peptide. The http://www.expasy.
org ProtScale software was used to predict the hydrophobi-
city of the proteins, and curves were drawn to verify the

hydrophobicity. The zero point was used as the boundary,
and the more points above zero, the stronger the hydropho-
bicity and vice versa.

2.9. Preparation of freeze-dried powder of the
recombinant strain

The recombinant insulin, H22-LP and a-MSH strains were
respectively made in bacterial suspension. Then, a 1:1� 109

bacterial suspension per mL was prepared using the blood cell
counting plate method before a lyophilized powder was pre-
pared. Then, a certain amount of lyophilized powder was resus-
pended in the culture medium and inoculated onto a red yeast
agar medium to further observe the growth state of the strain.

2.10. In vitro release of recombinant strain carrying
polypeptide

A certain amount of lyophilized powder was weighed and dis-
persed in a PBS buffer solution at pH =7.4. The solution was
transferred to a dialysis bag and immersed in a PBS solution at
37 �C to simulate in vitro release. At intervals, 1mL of the sus-
tained-release solution was removed and the same amount of
fresh PBS buffer was added to keep the volume of the buffer
constant. The absorbance of the sustained-release solution
was measured by UV spectrophotometry. The cumulative
release amount of the exogenous polypeptide from the
recombinant strain was calculated according to the standard
curve equation, and the curves for cumulative release rate and
time of exogenous polypeptides in the in vitro recombinant
strains were plotted.

2.11. Content and tissue distribution of insulin and
a-MSH in serum from healthy mice

The mice were divided into 8 groups with six normal mice per
group. The groupings were as follows: GM4-insulin lysate, GM4-
DTS-PGK1-CCT-insulin, insulin peptide solution, GM4-a-MSH
lyophilized powder solution, GM4-DTS-PGK1-CCT-a-MSH lyophi-
lized powder solution, a-MSH lyophilized powder solution, and
the control group, which was intragastrically administered nor-
mal saline. All the mice groups are fed the same dose. Five days
after continuous administration, the serum insulin and a-MSH
concentrations were measured with an ELISA kit with blood col-
lection from the posterior eyeball venous plexus. Moreover, for
insulin groups, the mice were sacrificed at 1, 2, 4, 8, 12, and 24h
after the gavage and the liver, heart, spleen, lung, and kidney
were dissected. For the a-MSH groups, after the blood was col-
lected from the eyeball, the mice were sacrificed immediately,
and the liver, spleen, lung, and kidney were removed. Then, the
appropriate tissue was cut out to make a homogenate and
shaken at 200 rpm for 20min at 25 �C. The supernatant was fil-
tered with a 0.22 lm microporous membrane to remove impur-
ities, and the insulin, and a-MSH concentrations were measured
by ELISA kit.
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2.12. Effect of the recombinant strain on blood glucose
in mice with type II diabetes mellitus

A mouse model of type II diabetes was established by high-
fat feeding and intraperitoneal injection of an alloxan solu-
tion. Successfully modeled diabetic mice were weighed and
randomly divided into 5 groups. The insulin-administered
group was administered insulin-containing PBS solution
(50U�kg�1, ig), the GM4-DTS-PGK1-CCT-insulin group with
1� 1010 CFU GM4-DTS-PGK1-CCT-insulin bacterial solution,
the insulin injection group was subcutaneously injected with
insulin-containing PBS solution (50U�kg�1, sc), the GM4-insu-
lin group was administered GM4-carrying insulin solution
(50U�kg�1, ig), and the control group was given the same
amount of normal saline. Then, the blood was taken from
the caudal vein at 0, 1, 2, 4, 6, 9, 12 h after administration.
After blood coagulation, centrifuged it at a low temperature.
Then, accurately measured 20 lL serum, and blood glucose
levels were measured by GOP-POD method.

2.13. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0
and Origin 8.0. All data in the figures and text are presented
as the arithmetic mean± standard deviation (SD). Data were

representative of three or more independent experiments.
The significance of differences among the groups was calcu-
lated with one-way ANOVA. In all cases, p< 0.05 was consid-
ered statistically significant.

3. Results

3.1. Validation of exogenous gene fragments and yeast
transformants constructed by LFH-PCR

The genomic DNA from R. toruloides was extracted as a tem-
plate. Then, the upstream and downstream homologous
sequences of the TS gene amplified by primers were ana-
lyzed by agarose gel electrophoresis to identify the two PCR
products, and the results were consistent with the theoretical
predictions from Figure 2(A) (top: 766 bp, bottom: 408 bp).
The pYES2-GFP plasmid DNA was used as a template and A
and D were used as primers. At the same time, 5 lL of the
above PCR product was added to the reaction system for
PCR amplification. The resulting amplified product was the
GFP gene with the first amplification product sequence at
both ends, with a size of 1981 bp by electrophoresis (Figure
2(B)), which was consistent with the theoretical predic-
tion size.

Figure 2. Identification of a thymidine synthase-deficient strain and its integrated pPICZ-PGK1-CCT-TS vector. (A) Agarose gel electrophoresis pattern of the
upstream and downstream homologous sequences from the amplified TS gene, wherein the two bands shown are the two PCR products and represent the
upstream and downstream homologous sequences of the TS gene. (B) Cloning electrophoresis identification of the GFP gene and its homologous sequences, with
a size of approximately 1900 bp. (C) PCR identification of the TS gene knockout strain. Lane 1 is the GM4 strain with TS gene knockout. (D) PCR detection of the
recombinant GM4-DTS-PGK1-CCT strain inserts CCT. Lanes 1 and 2 are the recombinant strains and lane 3 is an empty vector strain. (E) Identification of the pPICZ-
PGK1-CCT-TS integration vector by double digestion. Lane 1 is the recombinant plasmid pPICZ-PGK1-CCT-TS. The results show that the upper band is an empty
plasmid and a TS gene fragment, and the lower band is CCT gene fragment and the PGK1 promoter. Lane 2 is the pPICZ-rD plasmid from which the resistance
gene was removed and lane 3 was pPGK1Z-rD (pPGK1Z-rD as a negative control).
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The transformants were transferred into a competent GM4
strain; the yeast chromosome was extracted after culture and
identified by the colony PCR. A and D were used as primers
for amplification, and the amplified products were analyzed
by gel electrophoresis. The product size was consistent with
the above results (Figure 2(C)). To verify the stability of the
transformants, the correct GM4-DTS colony was expanded
and the chromosomes were extracted for PCR. The experi-
mental results showed that the exogenous GFP gene could
still be amplified after multiple passages, which indicated
that the GFP gene had been integrated into the GM4
chromosome; thus, the strain was a TS gene knockout strain.
The GM4-DTS strain was sent to Synbio Technologies
(Suzhou, China), and its chromosomes were sequenced. The
results showed that the GFP gene had been integrated and
replaced the original TS gene.

3.2. Identification of the integration vector pPICZ-
PGK1-CCT-TS

The recombinant pPICZ-PGK1-CCT-TS plasmid was con-
structed by Takara (Dalian, China), and the recombinant
expression vector was electrotransformed into the competent

GM4-DTS strain. PCR detection showed that an �1300 bp
gene was obtained in lanes 1 and 2, which was consistent
with the size of the CCT gene reported in GenBank, while
the empty vector strain showed no bands (Figure 2(D)). The
recombinant pPICZ-PGK1-CCT-TS plasmid was successfully
transformed into the GM4-DTS strain, and the obtained
recombinant strain was named GM4-DTS-PGK1-CCT. After
GM4-DTS-PGK1-CCT was cultured, the plasmid was extracted
and imaged after NcoI and BamHI double digestion electro-
phoresis. Their bands were at �2500 bp and 4000 bp in lane
1 (Figure 2(E)). The fragment sizes after digestion were con-
sistent with the inserted target gene fragment size, indicat-
ing that the target gene was inserted in the correct direction
in the recombinant plasmid.

3.3. Expression of CCT in recombinant strain GM4-DTS-
PGK1-CCT

The recombinant CM4-DTS-PGK1-CCT strain examined was
performed by SDS-PAGE analysis with the GM4 strain being
used as a control. The electrophoresis results (Figure 3(A))
showed an expression band at �45 kDa, which was consist-
ent with the theoretical molecular mass of the CCT enzyme

Figure 3. Expression of the CCT gene in the strain and its related effects. (A) Analyzed expression of the CCT gene in the strain by SDS-PAGE. Lane 1 is the recom-
binant GM4-DTS-PGK1-CCT strain, and lane 2 is the wild-type GM4 strain. (B) The expression of CCT gene in the strain was analyzed by Western blotting. b-Tubulin
was used as the internal reference. Anti-PCYT1A was fixed and scanned after incubation. (C) The stability of the pPICZ-PGK1-CCT-TS plasmid in the transformed
strain. (D) Analysis of the fatty acid composition of the recombinant and wild-type strains by GC. (E) Analysis of the phospholipid composition of the recombinant
and wild-type strains by ESLD for phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylglycerol
(PG). �p ˂ .05 compared to the wild-type strains.
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and was approximately twice as high compared to the wild-
type strain. Western blotting with an anti-PCYT1A antibody
revealed an �45 kDa protein from the recombinant strain
CM4-TS-PGK1-CCT and GM4 strain (Figure 3(B)), which sug-
gested that the CCT enzyme was expressed in the recombin-
ant strains. Thus, the CCT enzyme is highly expressed in the
recombinant strains.

3.4. Recombinant plasmid stability assay

The results from passages 20, 40, and 60 showed that the plas-
mid remained 99.3% stable after the passage 60th generation
passage with the expressed bacteria (Figure 3(C)), indicating
that the plasmid has good stability during passaging and
meets the requirements for genetic engineering bacteria.

3.5. CCT promotes the accumulation of fatty acids
and lecithin

The results of fatty acid analysis showed that the fatty acid
contents in the recombinant strain were higher than in the
wild-type strain (Figure 3(D)), indicating that transformation
of the CCT enzyme could significantly improve the synthesis
and accumulation of unsaturated fatty acids in the recombin-
ant GM4-DTS-PGK1-CCT strain.

To study the effects of the CCT gene transfer on phospholi-
pids in the GM4-DTS strain, the phospholipid contents were
determined and analyzed during the experiment. We found
that the phosphatidylcholine contents in the transformed
strain increased significantly from 40.8% to 60.7% (Figure 3(E)).
Thus, the transformed strain can accumulate more lecithin
than the wild-type strain. Therefore, high CCT levels allow leci-
thin synthesis to be maintained at a high level.

3.6. LSCM to verify the location of the peptides into
the cell

To detect the location of the exogenous polypeptides in the
intracellular region of the recombinant strain GM4-DTS-PGK1-
CCT, the lipid droplets were stained by Nile Red dye, which
appeared red in the red fluorescent channel; because the poly-
peptide itself was labeled by FITC, it appeared green in the
green fluorescent channel (Figure 4(A)). When we overlapped
the two images, we observed that the red and green fluores-
cence spots coincided, and the overlapping color was yellow,
indicating that the two substances exist in the same location.
These results suggest that the three polypeptide drugs entered
the cell and lipid droplets in the recombinant strain not only
through lipophilic action, but also through other mechanisms.

Figure 4. Effects of the exogenous polypeptide drugs transfected into the recombinant strains. (A) Analysis of the location of FITC-F-insulin, FITC-F-H22-LP, and
FITC-F-a-MSH by CLSM and staining the lipid droplets with the Nile Red dye. The red fluorescent channel, green fluorescent channel, and an overlap of the red and
green fluorescent images are shown. (B) The polypeptide contents of the exogenous polypeptide in the cell by electrotransformation. �p ˂ .05 and ��p ˂ .01 com-
pared with the wild-type strains. (C) The relationship between drug release rate P(t) and the time when the recombinant strain carried different exogenous poly-
peptides in PBS buffer. (D, E, and F) are based on the amino acid sequence of the polypeptide. The ProtScale software was used to predict the hydrophobicity of
insulin, H22-LP, and a-MSH, and then the Protparam software was used to predict the theoretical pI, instability index, aliphatic index, and GRAVY of the proteins
for further verification.
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3.7. Determination of intracellular polypeptides by
fluorescence spectrophotometry

After electrotransformation, the bacterial liquid was collected
by centrifugation to remove the polypeptide from the solu-
tion and the intracellular polypeptide contents were deter-
mined by fluorescence spectrophotometry. The experimental
results are shown in Figure 4(B); the polypeptide drug con-
tents entering the intracellular recombinant strain were sig-
nificantly higher than in the wild-type strain, even for a-MSH,
which has relatively weak liposolubility (Figure 4(C,D,E)).

The recombinant strain intracellular contents of insulin, H22-
LP, and a-MSH were detected as 3.58, 4.97, and
1.27 lg�mL�1, respectively. In contrast, the initial concentra-
tion of polypeptide drug was �10 lg�mL�1 at the beginning
of electrotransformation, which indicated that the concentra-
tion of intracellular polypeptide drug is greater than 1/10 of
the initial concentration, and with H22-LP, which has high
fat-solubility, reaching up to 1=2 of the initial concentration.

From Figure 4(D,E,F), insulin, H22-LP, and a-MSH had
higher aliphatic indexes (H22-LP> insulin> a-MSH), all of
which belong to liposoluble proteins; thus, the polypeptide

Figure 5. Pharmacological effects of the recombinant strains carrying insulin and a-MSH polypeptide drugs into mice. (A) Changes in the serum insulin concentra-
tions with time in normal mice after oral administration of different drugs. �p ˂ .05 and ���p ˂ .001 compared to insulin. (B) Changes in the serum a-MSH concen-
tration with time in normal mice after oral administration of different drugs. ��p ˂ .01 and ���p ˂ .001 compared to a-MSH; ###p ˂ .001 compared to GM4-a-MSH.
(C) The distribution of insulin in tissues in normal mice after 5 days of continuous gavage with different drugs. (D) Distribution of insulin in tissues in normal mice
after 5 days of continuous gavage different drugs. ��p ˂ .01 and ���p ˂ .001 compared to a-MSH; #p ˂ .05, ##p ˂ .01, and ###p ˂ .001 compared to GM4-a-MSH. (E)
Changes in the blood glucose with time in type 2 diabetic mice after intragastric administration of different drugs. �p ˂ .05 and ��p ˂ .01 compared to insulin (ig);
#p ˂ .05, as compared to GM4-insulin (ig). (F) The glycerophospholipids biosynthetic pathway, in which CCTase acts as the rate-limiting enzyme in lecithin synthesis,
and plays a key role in the phospholipid synthesis pathway.
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drugs enter the strains mainly because of the peptides’ fat-
solubility. At the same time, the GRAVY of insulin, H22-LP,
and a-MSH was 0.310, 1.000, and �0.923, respectively. The
negative value indicates that the protein is hydrophilic, and
the positive value is indicative of hydrophobic, demonstrat-
ing that insulin and H22-LP display hydrophobicity and
a-MSH shows hydrophilicity. Thus, another reason for the
entry of the polypeptide drugs into the strain is similarity
and intermiscibility between the polypeptide drugs and the
cell membrane component (Bhattacharya & Haldar, 2000).

3.8. In vitro release characteristics of exogenous
polypeptides in recombinant strains

To determine the drug-loading characteristics of the prepared
recombinant strains carrying the exogenous polypeptides, we
prepared a recombinant dried lyophilized powder carrying the
exogenous polypeptide and then inoculated medium with the
powder for 72h. We observed that the strain can grow normally
in TS-containing medium, but the survival rate in medium with-
out TS was extremely low, �1%. Therefore, we further investi-
gated the drug release rate P(t) of the recombinant strains
carrying insulin, H22-LP, and a-MSH in PBS buffer at 37 �C and
pH =7.4 as a function of time (Figure 5(C)). The recombinant
strains carrying different exogenous polypeptides have different
in vitro release characteristics. Approximately 32% of fat-soluble
insulin and H22-LP is releases at 1 h, while a-MSH, which has a
relatively low-fat solubility, was only 15.96% released, which
was similar to the intracellular contents in the peptide-intro-
duced strain. Moreover, the in vitro release characteristics of the
three strains showed that the insulin, H22-LP, and a-MSH poly-
peptides could be released slowly after packaging of the recom-
binant strain and maintained for at least 5 days, indicating that
the recombinant strain carrying the exogenous polypeptide has
safe and controllable effects.

3.9. Study on the GM4-DTS-PGK1-CCT strain carrying
insulin in healthy mice

To detect the ability of the recombinant strain GM4-DTS-PGK1-
CCT to deliver insulin and a-MSH, blood was sampled from the
eyeball after 5 days of gastric perfusion. The concentration of
insulin in the serum was detected by ELISA kit; mice treated
with the same volume of normal saline were used as a control
group. As shown in Figure 5(A), in the GM4-insulin and GM4-
DTS-PGK1-CCT-insulin groups, the serum insulin contents
increased in 1–2days and almost linearly. The insulin contents
tended to be stable within 3–5 days. The serum insulin con-
tents insulin and blank control groups remained in equilibrium
at a specific concentration. The trends for the a-MSH-contain-
ing groups were similar to that of the insulin-containing
groups, but the initial a-MSH contents were higher and the
significance for the GM4-a-MSH group was weaker than the
a-MSH group (Figure 5(B)).

From mouse tissue distribution, Figure 5(C) shows that
the distribution of the recombinant strain GM4-DTS-PGK1-
CCT carrying insulin in the liver organs was as follows: liver,
kidney, heart, lung and spleen, and reached the highest level

at 2 h, especially in the liver, where its concentration reached
5.36 pg�g�1. This may be mainly related to lipid metabolism
in the liver. We suspect that insulin encapsulated in lipid
droplets is likely to enter the lymphatic system along with
chylomicron lipid formation and finally enter the blood-
stream for transportation into various tissues of the body.
Analysis of the distribution of a-MSH in tissues revealed that
GM4-DTS-PGK1-CCT carrying a-MSH significantly increased its
distribution in liver, lung, spleen, and kidney compared with
the GM4-a-MSH and a-MSH groups, especially in the liver.

3.10. Study on the GM4-DTS-PGK1-CCT strain carrying
insulin in type II diabetic mice

After 72 hours of modeling, no death was found in the mice,
and there were no significant differences in body indexes,
such as diet and body weight, from before modeling. After
modeling, the mice showed decreased activity and increased
water intake and urine volumes.

As shown in Figure 5(E), type II diabetic mice that were
intragastrically administered PBS containing insulin did not
show significant changes in their blood glucose, which may
be caused by insulin inactivation by various enzymes in the
gastrointestinal tract. However, after subcutaneous injection
of insulin-containing PBS solution, the blood glucose concen-
tration in mice maintained low levels within 2 hours after
injection. The reduction in the blood glucose caused by the
direct injection of insulin is due to its short half-life; this
means that lower blood sugar levels can be maintained for
only a relatively short period of time. After treatment with
the recombinant GM4-DTS-PGK1-CCT-insulin strain by gav-
age, the blood glucose levels of the mice changed signifi-
cantly within 1–4 h and remained at a relatively low level
after 6 h. The ability of the wild GM4 strain to lower blood
glucose was weaker than the recombinant strain carrying
insulin. After treatment with the recombinant GM4-DTS-
PGK1-CCT-insulin strain and GM4-insulin strain by gavage,
the strains entered the body, were not completely destroyed,
and effectively lowered blood glucose levels. Therefore, the
recombinant GM4-DTS-PGK1-CCT-insulin strain can be used
as a producer of exogenous insulin for the treatment of dia-
betes, and has a significant hypoglycemic effect.

4. Discussion

The CCT enzyme is not only the rate-limiting enzyme in the
lecithin synthesis pathway, but also a key enzyme affecting
lipid synthesis and accumulation in vivo. To make the oil in
our high-yielding oil R. glutinis GM4 strain from the early iso-
lated candidate oleaginous microorganisms more suitable for
drug liposomes, we constructed a TS-deficient strain GM4-
DTS by homologous recombination and then transferred the
rate-limiting enzyme CCT from lecithin synthesis into the
GM4-DTS strain. The exogenous CCT gene was highly
expressed in the GM4-DTS strain, and the lecithin contents in
the recombinant GM4-DTS-PGK1-CCT strain increased from
40.8% to 60.7%, while the intracellular lipid droplets became
smaller and increased. This result also confirmed the key role
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of the CCT enzyme in the phospholipid synthesis pathway.
As shown in Figure 5(F), the high expression of the CCT
gene can not only increase phospholipid anabolism but also
increase the synthesis and accumulation of PUFAs such as
phosphatidylcholine and phosphatidylserine in cells, thereby
increasing the tolerance of nonpolar peptides or other lipo-
philic small molecule drugs.

In previous studies, our laboratory determined that H22-LP
(the conservative sequence is NAHCALL) is an antagonist pep-
tide for the broad-spectrum chemokine receptor US28, which
has been extensively studied (Lu et al., 2010; Liu et al., 2012;
Shi et al., 2014); for example, it inhibited the effect of human
cytomegalovirus by directly interacting with virus particles.
MSH is a neuroimmunomodulatory peptide derived from pro-
opiomelanocortin (POMC). It consists of 13 amino acids and its
amino acid sequence is SYSMEHFRWGKPV (Catania et al., 2010;
Gupta & Wish, 2018). It can be produced by converting
enzymes in mice. Insulin is a protein hormone secreted by islet
b-cells in the body and its amino acid sequence is
GIVEECCASVCSLYELEDYCD-FVDEHLCGSHLVEALYL
VCGERGFFYTPKA. In this study, we successfully introduced
exogenous polypeptides (Aliphatic index: H22-
LP> insulin> a-MSH and GRAVY: H22-LP> insulin> a-MSH
(according to Figure 4 (D,E,F)) into cells using recombinant
strains with high expression of CCT; however, the specific rea-
sons for the entrance of these exogenous polypeptides into
the cells requires further study. It is clear that the lipophilic
properties of the peptides promote the entry of the drugs into
the cells. Therefore, it is possible to use this liposome as the
oral drug delivery system for other lipophilic compounds.

Next, to study the oral effects of the modified live-cell lipo-
somes, different levels of insulin were detected in serum and
tissues after oral administration of the recombinant GM4-DTS-
PGK1-CCT-insulin strain, showing the delivery of insulin in
mice. Moreover, the oral administration of the insulin-bearing
recombinant GM4-DTS-PGK1-CCT-insulin strain in type II dia-
betes mellitus mice significantly reduced blood glucose levels
in vivo, indicating that the recombinant strain we constructed
successfully carries the exogenous polypeptide into the body.
Therefore, our experimental results show that the small lipid
droplet cells modified by the CCT enzyme are well-tolerated
for the insulin, H22-LP, and a-MSH polypeptide drugs, and that
the peptide drugs can be orally carried into the body in the
form of bioactive bacteria capsules. Compared with traditional
peptide drugs, these live-cell capsules have strong stability in
vivo, a prolonged half-life (Tang et al., 2004), good bioavailabil-
ity, etc. They also display a sustained release effect, avoiding
the corresponding weakness associated with naked peptide
applications, and further expanding the applications for many
small molecular peptide drugs.

At present, polypeptides are known for their low molecular
weight and being directly absorbed by humans, which has
recently been paid more and more attention. Oral bioactive
bacteria capsules containing peptide drugs also highlight its
significance in many respects. Protein and peptide drugs are
widely distributed in nature and play an important role in the
prevention and treatment of diseases. Clinically, many peptide
drugs have excellent efficacy, such as erythropoietin (EPO)

(Bertolini et al., 2009), granulocyte-macrophage colony stimu-
lating factor (GM-CSF), and interleukin-2 (IL-2), which are
mainly used to stimulate hematopoiesis, antitumor effect and
other aspects (Moghaddam et al., 2018). For example, insulin
can be hydrolyzed and inactivated by proteolytic enzymes in
the stomach and duodenum. Our study showed better oral
bioavailability for R. glutinis bioactive cell capsules introduced
with insulin. Thus, we report that R. glutinis bioactive bacteria
‘capsule’ system may become a new theoretical and applica-
tion breakthrough for the drug liposomes.

There is also a possibility of oral administration of insulin
using protective measures. It has been reported that insulin
molecules can be absorbed into the blood through the intes-
tinal wall. The absorption rate of the small intestine is the
highest, though the absorption rate of colon and rectum is
also high (Cullis, 1976). It has been confirmed that insulin
molecules enter the intestinal environment through transport
via intestinal epithelial cells and then penetrate into the
plasma membrane of capillary endothelial cells to enter the
blood circulation (Storm et al., 1987). Scientists (Defrise-
Quertain et al., 1980) used an azopolymer that can be
degraded by microbes in the colon to coat insulin pellets
and added salicylic acid as an absorption enhancer. The pel-
lets could effectively avoid enzyme damage in the stomach
and small intestine after oral administration, followed by
smooth entrance into the upper part of the colon, degrad-
ation of the coating layer, release and absorption of the
drug to produce hypoglycemic effects. It is clear that our R.
glutinis insulin bioactive bacteria capsules can resolve the
intestinal epithelial absorption, but the intestinal absorption
mechanism needs to be further studied.

Antibiotics such as erythromycin, ampicillin, chloram-
phenicol, and other resistance genes are often used as
markers for cloning and screening, but plasmid vectors with
antibiotic resistance as the selection pressure have many
safety problems. For example, if a patient ingests micro-eco-
logical preparations with antibiotics, the resistance genes
may transmit and spread through the bacteria. Therefore, it
is particularly important to construct a carrier system with
non-antibiotic resistance as the selection pressure. In this
study, in the gene cloning experiment, we used a house-
keeping gene encoding TS in R. glutinis, which is an enzyme
required for DNA synthesis, that participates in catalyzing the
methylation of uracil deoxynucleotides through 5,10-dime-
thyltetrahydrofolate to synthesize 50-thymidine deoxynucleo-
tides. When TS is mutated or knocked out, cells cannot grow
without thymidylate or thymine, unless it is transformed by a
functional gene. Therefore, we constructed a TS-deficient
strain as recipient bacterium and cloned a homologous intact
receptor-deficient gene into a nonresistant plasmid. As a
selection pressure for the stable expression of the exogenous
gene, it can not only be used to quickly identify and isolate
the transformed strains, but also plays a screening role for
positive clones. This way the lipid can be synthesized nor-
mally in vitro and the exogenous peptides can be success-
fully introduced when a specific intracellular lipid droplet
accumulation is reached. At this point in time, the auxo-
trophic medium is withdrawn and the transformed drug-
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loaded carrier bacteria are relatively stopped from being
metabolized. Thus, the stability of the drug-loaded cells is
better preserved, and a safe and controllable drug-loading
system is truly provided. At the same time, this study also
proved that recombinant R. glutinis strains can proliferate in
special medium (including TS) due to the presence of defect-
ive TS, but can not proliferate in vivo and vitro in the
absence of TS, making the strain a safe, controllable release
agent for in vivo drugs.

Liposomes generally undergo rapid systemic clearance
due to their uptake by the mononuclear phagocytic system
(Haran et al., 1993; Cabanes et al., 1998), and several engin-
eering strategies have been applied to improve their in vivo
performance. These strategies include the attachment of site-
directed surface ligands, such as antibodies (immune lipo-
somes) (Modi et al., 2012; Allen & Cullis, 2013), positive
charges (cationic liposomes) (Charrois & Allen, 2004; Laginha
et al., 2005), and peptides (liposomes targeting peptides)
(Kim et al., 2001; Ran et al., 2018), or using physiological con-
ditions such as temperature or pH changes inherent to the
target tissue to produce stimulating reactive liposomes such
as thermosensitive liposomes (Ando et al., 2015; Burke et al.,
2017) and pH-sensitive liposomes (Essam et al., 2015;
Kanamala et al., 2018), respectively. However, the oral living
cell liposomes in this study have unique application advan-
tages, such as protecting the polypeptide drug the gastric
acid in the digestive tract, providing a good protective bar-
rier for non-biological polar molecules, and the natural sus-
tained release effect for oral administration. However, using
yeast as a living cell liposome to encapsulate other molecular
drugs as well as peptide drug molecules requires fur-
ther research.

5. Conclusion

In this paper, the R. glutinis recombinant strain GM4-DTS-
PGK1-CCT overexpressing the exogenous CCT gene was suc-
cessfully realized. This recombinant strain with high CCT
expression could carry insulin, H22-LP, and a-MSH into the
cells; additionally, the strain no longer proliferated in vivo
and was a safe and controllable vehicle for polypeptide drug
delivery. After oral administration of the strain carrying the
polypeptide, the corresponding fatty acid and lecithin con-
tents in mice were significantly increased. Similar effects
were observed in the type 2 diabetic mice, indicating that
the recombinant strain GM4-DTS-PGK1-CCT can be used as a
living cell liposome to delivery polypeptide drugs, as this
was the aim in this experiment. Among them, the con-
structed recombinant strain GM4-DTS-PGK1-CCT served as a
living cell liposome to delivery polypeptide drugs in vitro.
After oral administration, the recombinant strain cells no lon-
ger proliferate; thus, it is safe and controllable in vivo. The
feasibility and preference of the recombinant strain GM4-
DTS-PGK1-CCT carrying insulin, H22-LP, and a-MSH were
also discussed.

The results of this study report for the first time, establish
the feasibility of using R. glutinis as a living cell liposome for
the oral delivery of polypeptide drugs. As a bioactive

bacterium capsule, it is expected to be used in the delivery
systems and as a new administration route for many polar
small molecular drugs including drug peptides
and compounds.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the National Key R&D Program of China
[2017YFC1103403], the National Natural Science Foundation of China
[NSFC, No.3087221] and the Natural Science Foundation of Guangdong
Province, China [2015A030313331].

Reference

Allen TM, Cullis PR. (2013). Liposomal drug delivery systems: from con-
cept to clinical applications. Adv Drug Deliv Rev 65:36–48.

Ando H, Kobayashi S, Abu Lila AS, et al. (2015). Advanced therapeutic
approach for the treatment of malignant pleural mesothelioma via
the intrapleural administration of liposomal pemetrexed. J Control
Release 220:29–36.

Bertolini A, Tacchi R, Vergoni AV. (2009). Brain effects of melanocortins.
Pharmacol Res 1:13–47.

Bhattacharya S, Haldar S. (2000). Interactions between cholesterol and
lipids in bilayer membranes. Role of lipid headgroup and hydrocarbon
chain-backbone linkage. BBA-Biomembranes 1467:39–53.

Blanquet S, Marol-Bonnin S, Beyssac E, et al. (2001). The ’biodrug’ con-
cept: an innovative approach to therapy. Trends Biotechnol 19:393.

Bligh EG, Dyer WJ. (1959). A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 8:911.

Burke C, Dreher MR, Negussie AH, et al. (2017). Drug release kinetics of
temperature sensitive liposomes measured at high-temporal reso-
lution with a millifluidic device. Int J Hyperther 6:1.

Cabanes A, Briggs KE, Gokhale PC, et al. (1998). Comparative in vivo
studies with paclitaxel and liposome-encapsulated paclitaxel. Int J
Oncol 5:1035.

Catania A, Lonati C, Sordi A, et al. (2010). The melanocortin system in
control of inflammation. Sci World J 1:1840.

Charrois GJ, Allen TM. (2004). Drug release rate influences the pharmaco-
kinetics, biodistribution, therapeutic activity, and toxicity of pegylated
liposomal doxorubicin formulations in murine breast cancer. BBA-
Biomembranes 1:167–77.

Cullis PR. (1976). Lateral diffusion rates of phosphatidylcholine in vesicle
membranes: effects of cholesterol and hydrocarbon phase transitions.
Febs Lett 1–2:223–8.

Defrise-Quertain F, Chatelain P, Ruysschaert JM, et al. (1980). Spin label
partitioning in lipid vesicles. A model study for drug encapsulation.
Biochimica et Biophysica Acta 1:57–68.

Deshpande V, Krishnan R, Philip S, et al. (2016). Oral administration of
recombinant Mycobacterium smegmatis expressing a tri-peptide con-
struct derived from endogenous and microbial antigens prevents ath-
erosclerosis in ApoE(-/-) mice. Cardiovasc Ther 34:314–24.

Essam EN, Elnahas HM, Mahdy MA, et al. (2015). Liposomal pemetrexed:
formulation, characterization and in vitro cytotoxicity studies for
effective management of malignant pleural mesothelioma. Biol Pharm
Bull 3:461–9.

Fanali C, Micalizzi G, Dugo P, et al. (2017). Ionic liquids as stationary
phases for fatty acid analysis by gas chromatography. Analyst 24:142:
4601-12.

Friesen JA, Park YS, Kent C. (2001). Purification and kinetic characteriza-
tion of CTP: phosphocholine cytidylyltransferase from Saccharomyces
cerevisiae. Protein Expr Purif 21:141–8.

DRUG DELIVERY 61



Gupta N, Wish JB. (2018). Erythropoietin mimetic peptides and erythro-
poietin fusion proteins for treating anemia of chronic kidney disease.
Curr Opin Nephrol Hypertens 5:345–50.

Haran G, Cohen R, Bar LK, et al. (1993). Transmembrane ammonium sul-
fate gradients in liposomes produce efficient and stable entrapment
of amphipathic weak bases. Biochimica et Biophysica Acta (BBA) –
Biomembranes 2:201–15.

Kanamala M, Palmer BD, Ghandehari H, et al. (2018). PEG-benzaldehyde-
hydrazone-lipid based PEG-sheddable pH-sensitive liposomes: abilities
for endosomal escape and long circulation. Pharm Res 35:154.

Kim ES, Lu C, Khuri FR, et al. (2001). A phase II study of STEALTH cis-
platin (SPI-77) in patients with advanced non-small cell lung cancer.
Lung Cancer 34:427–32.

Laginha KM, Verwoert S, Charrois GJ, et al. (2005). Determination of
doxorubicin levels in whole tumor and tumor nuclei in murine breast
cancer tumors. Clin Cancer Res 11:6944–9.

Lang J, Wang X, Liu K, et al. (2017). Oral delivery of staphylococcal nucle-
ase by Lactococcus lactis prevents type 1 diabetes mellitus in NOD
mice. Appl Microbiol Biotechnol 101:7653–62.

Li Z, Sun H, Mo X, et al. (2013). Overexpression of malic enzyme (ME) of
Mucor circinelloides improved lipid accumulation in engineered
Rhodotorula glutinis. Appl Microbiol Biotechnol 97:4927–36.

Liu H, Sun H, Li L, et al. (2012). Screening and mechanism of trapping
ligand antagonist peptide for chemokine receptor US28 of human
cytomegalovirus. Tropical J Pharm Res 2:193–200.

Liu M, Li S, Zhang Q, et al. (2018). Oral engineered Bifidobacterium lon-
gum expressing rhMnSOD to suppress experimental colitis. Int
Immunopharmacol 57:25–32.

Liu Z, Zhou G, Ren C, et al. (2016). Oral administration of myostatin-spe-
cific recombinant Saccharomyces cerevisiae vaccine in rabbit. Vaccine
34:2378–82.

Lu LI, Tao HE, Xue-Mei MO, et al. (2010). Biological functions, screen and
identify research on chemokine receptor antagonist encoded by US28
of human cytomegalovirus�: biological functions, screen and identify
research on chemokine receptor antagonist encoded by US28 of
human cytomegalovirus. Prog Biochem Biophys 6:618–26.

Mallampalli RK, Salome RG, Li CH, et al. (1995). Betamethasone activation
of CTP: cholinephosphate cytidylyltransferase is mediated by fatty
acids. J Cell Physiol 162:410–21.

Modi S, Xiang TX, Anderson BD. (2012). Enhanced active liposomal load-
ing of a poorly soluble ionizable drug using supersaturated drug solu-
tions. J Control Release 162:330–9.

Moghaddam AS, Mohammadian S, Vazini H, et al. (2018). Macrophage
plasticity, polarization and function in health and disease. J Cell
Physiol 233:6425–40. https://doi.org/10.1002/ jcp.26429.

Padkina MV, Sambuk EV. (2018). Prospects for the application of yeast
display biotechnology and cell biology. Appl Biochem Microbiol 54:
337–51.

Papanikolaou S, Galiotou-Panayotou M, Fakas S, et al. (2007). Lipid pro-
duction by oleaginous Mucorales cultivated on renewable carbon
sources. Eur J Lipid Sci Technol 109:1060–70.

Ran R, Wang H, Liu Y, et al. (2018). Microfluidic self-assembly of a com-
binatorial library of single- and dual-ligand liposomes for in vitro, and
in vivo, tumor targeting. Eur J Pharm Biopharm 130:1–10. https://doi.
org/10.1016/j.ejpb.2018.06.017.

Rittmann BE. (2008). Opportunities for renewable bioenergy using micro-
organisms. Biotechnol Bioeng 2:203–12.

Salari R, Rajabi O, Khashyarmanesh Z, et al. (2015). Characterization of
encapsulated berberine in yeast cells of Saccharomyces cerevisiae. Iran
J Pharm Res 4:1247–56.

Schneider T, Graeff-H€onninger S, French WT, et al. (2013). Lipid and
carotenoid production by oleaginous red yeast Rhodotorula glutinis,
cultivated on brewery effluents. Energy 4:34–43.

Shi W, Bo X, Peng T, et al. (2014). A trapping ligand antagonist peptide
H22-LP inhibition of human cytomegalovirus infection. J Microbiol
Immunol Infect 49:189–95.

Steidler L, Hans W, Schotte L, et al. (2000). Treatment of murine colitis
by Lactococcus lactis secreting interleukin-10. Science 289:1352–5.

Storm G, Roerdink FH, Steerenberg PA, et al. (1987). Influence of lipid
composition on the antitumor activity exerted by doxorubicin-con-
taining liposomes in a rat solid tumor model. Cancer Res 47:3366–72.

Tang L, Persky AM, Hochhaus G, et al. (2004). Pharmacokinetic aspects of
biotechnology products. J Pharm Sci 93:2184–204.

Tosato MG, Gir�on Maya JV, Martin AA, et al. (2018). Comparative study
of transdermal drug delivery systems of resveratrol: high efficiency of
deformable liposomes. Mater Sci Eng C 90:356–64.

Tsukagoshi Y, Nikawa J, Yamashita S. (1987). Molecular cloning and char-
acterization of the gene encoding cholinephosphate cytidylyltransfer-
ase in Saccharomyces cerevisiae. Eur J Biochem 477–86.

Wang WY, Yue HY, Yuan QP. (2009). Biosynthesis of NL-phenylalanine by
phenylalanine ammonia-lyase from Rhodotorula glutinis. Amino Acids
2:231–3.

Watanabe N, Masubuchi D, Itoh M, et al. (2014). Oral administration of
whole dihomo-c-linolenic acid-producing Saccharomyces cerevisiae,
suppresses cutaneous inflammatory responses induced by croton oil
application in mice. Appl Microbiol Biotechnol 98:8697–706.

Zhang Q, Liu M, Li S, et al. (2018). Oral Bifidobacterium longum express-
ing GLP-2 improves nutrient assimilation and nutritional homeostasis
in mice. J Microbiol Methods 145:87.

62 Z. FEI ET AL.

https://doi.org/10.1002/ jcp.26429
https://doi.org/10.1016/j.ejpb.2018.06.017
https://doi.org/10.1016/j.ejpb.2018.06.017

	Abstract
	Introduction
	Materials and methods
	Strains, plasmids, and animals
	Construction of TS-deficient strain
	Construction of integration vector expressing exogenous CCT
	Detection of plasmid stability during the passaging of the recombinant GM4-TS-PGK1-CCT strain
	Determination of CCT expression levels in the recombinant GM4-TS-PGK1-CCT strain
	Analysis of the fatty acid and phospholipid compositions of the recombinant GM4-TS-PGK1-CCT strain
	Detection of the position of the polypeptide in the cell by laser confocal microscopy
	Quantitative analysis by fluorescence spectrophotometry
	Preparation of freeze-dried powder of the recombinant strain
	In vitro release of recombinant strain carrying polypeptide
	Content and tissue distribution of insulin and -MSH in serum from healthy mice
	Effect of the recombinant strain on blood glucose in mice with type II diabetes mellitus
	Statistical analysis

	Results
	Validation of exogenous gene fragments and yeast transformants constructed by LFH-PCR
	Identification of the integration vector pPICZ- PGK1-CCT-TS
	Expression of CCT in recombinant strain GM4-TS-PGK1-CCT
	Recombinant plasmid stability assay
	CCT promotes the accumulation of fatty acids and lecithin
	LSCM to verify the location of the peptides into the cell
	Determination of intracellular polypeptides by fluorescence spectrophotometry
	In vitro release characteristics of exogenous polypeptides in recombinant strains
	Study on the GM4-TS-PGK1-CCT strain carrying insulin in healthy mice
	Study on the GM4-TS-PGK1-CCT strain carrying insulin in type II diabetic mice

	Discussion
	Conclusion
	Disclosure statement
	Reference



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


