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Abstract: This short overview and updates expresses our brain-and-heart homage to George Emil Palade,
"the most influential cell biologist ever". In his 1971 paper Palade wrote for Albert Claude, the founder of
biological electron microscopic method: “Seldom has a field owed so much to a single man”. Herein, we
articulate the same words for George Palade, the Teacher of many generations in cell biology research and
education. Accordingly, we focus on two paradigm shifts in the cell biology, namely (i) the transition from
light to transmission electron microscopy in studying cell protein secretion made by George Palade, and (ii)
the transition from contractile to secretory phenotype of vascular smooth muscle cells made by Maria Daria
Haust followed and developed by our research group. Altogether, we argue that one of the present challenges
in vascular biology is to cultivate secreto-centric thinking and thus further focusing on how we could make
the vascular muscle’s secretory pathways work for the benefit of human’s cardiovascular health.
Keywords: George Palade, proteins, secretory pathways, rough endoplasmic reticulum, Golgi complex,
microtubules, colchicine, therapy, cardiovascular diseases.

Introduction
Some people are so much known that it is
sufficient to mention their initials only to
recognize them:
L - Carl Linnaeus
N - Napoleon Bonaparte

FDR - Franklin Delano Roosevelt
JFK - John Fitzgerald Kennedy
RLM - Rita Levi-Montalcini
GEP - George Emil Palade
31

George N. Chaldakov et al.

George Emil Palade (November 19, 1912
– October 7, 2008) was a Romanian-American
cell biologist graduated in 1940 from the Carol
Davila School of Medicine in Bucharest.
In his 1971 paper George Palade wrote for
Albert Claude, the founder of biological
electron microscopic method: “Seldom has a
field owed so much to a single man” (Palade
1971). Herein, we, most respectfully, articulate
the same words for him, the Teacher of many
generations in cell biology research and
education (Singer, 2003; Farquhar, 2012;
Chaldakov, 2016). We, particularly one of us
(GNC), learned a lot of his concept of cell
protein secretion in exocrine pancreatic cells
and applied (1972-1992) it to his transmission
electron microscopy (TEM) studies on the
secretion in vascular smooth muscle cells
(VSMC).
George Palade’s Eureka




Ribosomes
and
polyribosmes
(polysomes) – free in the cytoplasm or
attached on the surface of endoplasmic
reticulum’s cisterns.
Endoplasmic reticulum – smooth
(without attached polysomes) or rough
(with attached polysomes (Fig. 1).








Mitochondria
Golgi complex and Golgi-derived
secretion vacuoles (granules)
Specific granules in heart’s atrial
cardiomyocytes
Plasmalemmal vesicles (caveolae) (Fig.
2)
Weibel-Palade bodies, the structural
signature of vascular endothelial cells
The concept of cell protein secretion
(Palade, 1975)

In the present brief overview and updates,
we focus on two paradigm shifts in the cell
biology, namely (i) the transition from light
microscopy to TEM in studying cell protein
secretion made by George Palade, “the most
influential cell biologist ever”, and (ii) the
transition from contractile to secretory
phenotype of VSMC made by the centurial
approaching Maria Daria Haust (Haust et al.,
1960), the Great Lady of atherogenesis
research, followed and developed by our
research group (Chaldakov and Nikolov, 1975;
Chaldakov et al., 1977; Chaldakov and Kádár,
1978; reviewed in Chaldakov and Vankov,
1886a, b).

32

ABMJ 2021, 4(1): 31-43

Fig. 1. TEM image of rough endoplasmic reticulum from the George E. Palade EM Collection

Fig. 2. TEM micrograph of plasmalemma-derived pinocytotic vesicles (Greek pino – drink, and
kytos – cell) which are 50–100 nm plasmalemmal invaginations found in many cell types.
Nowadays, these vesicles are called caveolae (Latin, “little caves”) coated with caveolin protein,
hence, caveolin-coated vesicles. The biological importance of caveolae was enriched by recent
studies using caveolin knockout mice that show severe abnormalities in the cardiovascular and
other systems. Image from the George E. Palade EM Collection.
Contextual background
The secretion (synthesis, sorting, targeting,
storage, and release) is a fundamental
biological process in (almost) all cell types. In
1898, Camillo Golgi reported his discovery of

internal reticular apparatus, a novel
intracellular organelle observed in nerve cells
using his silver nitrate impregnation method
(Fig. 3) (reviewed in Mazzarello et al., 2009).
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Fig. 3. Drawings of Camilo Golgi illustrating internal reticular apparatus presented in his lecture
on 19 April 1898 at the University of Pavia, Pavia, Italy. This organelle was visualized by the
procedure initially named by Golgi la reazione nera (Italian, “the black reaction”), later known as
Golgi method of impregnation with silver salts. In the first years of 20th century internal reticular
apparatus was named Golgi apparatus, latter Golgi complex – a discovery with of high scientific
value in cell biology. Internal reticular apparatus’ perinuclear location (A, B, D) observed at
different levels of cross-sections is shown (A–F).
However, the real existence of this
organelle was seriously questioned until it was
finally identified by TEM in the mid-1950s,

mainly due to the excellent work of George
Palade (Palade 1971; Farquhar and Palade,
1998; Farquhar, 2012) (Fig. 4).

Fig. 4. TEM micrograph of the Golgi complex in a pancreatic exocrine cell.
x25 000. Image from the George E. Palade EM Collection
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According to Palade’s concept (Palade,
1975) and to Günter Blobel’s signal hypothesis
(Blobel, 2000), the protein secretory pathway
constitutes of several intracellular steps:
synthesis, sorting, targeting, storage (in case of

regulated versus constitutive secertion),
translocation and, finally, exocytosis (Fig. 5-7)
including porocytosis (Silver and Pappas,
2005) mediated by porosomes (Jena, 2010).

Fig. 5. Schematic representation of rough endoplasmic reticulum (RER)-Golgi pathway (secretory
membrane flow). 1. COated Protein (COP II) vesicles originate from RER and translocated to Golgi
complex (GC) through membrane fission-fusion way. 2. GC-derived clathrin- and adaptin-coated
vesicles. Note, GC delivers both secretory vacuoles (granules) and lysosomes; their content, as
exportable proteins, is discharged via exocytosis. COP I vesicles (not shown) transport proteins
from cis Golgi complex back to RER, also between Golgi subcompartments, a transport termed
retrograde transport, in contrast to the anterograde transport associated with COP II vesicles,
which transport proteins from RER to GC. From (Chaldakov 2021)

Fig. 6. Schematic representation of intra- and extracellular secretory pathways of procollagen to
collagen biosynthesis. RER, rough endoplasmic reticulum; ECM, extracellular matrix. From
(Chaldakov, 2021)
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c.

e.

d.
a.

b.

Fig. 7. TEM micrographs of secretory-state (secretory phenotype) aortic smooth muscle cells of the
rabbit. a-e. Spherical-shaped (arrows) and elongated-shaped (arrowheads) secretion granules.
a-e, x20 000. From (Chaldakov and Vankov, 1986a)
In 1974, the Nobel Prize in Physiology or
Medicine was awarded to Albert Claude,
George Palade, and Christian de Duve “for
their discoveries concerning the structural and
functional organization of the cell”. Then, the
Chairman of the Nobel committee remarked:
“The trio was largely responsible for the
creation of modern cell biology”. Indeed, it has
been discovering a novel world of the cell,
revealing
membrane-bound
organelles
(mitochondria,
caveolae,
endoplasmic
reticulum, Golgi complex, endosomes,
lysosomes, etc) and non-membrane-bound
organelles
(polyribosomes,
cytoskeletal
filaments and microtubules, spliceosomes,
proteasomes, etc). When received the Nobel
prize, George Palade said: “Cell biology ﬁnally
makes possible a century-old dream: that of
analysis of diseases at the cellular level, the
ﬁrst step toward their control.” This statement
might be envisaged as an ideogenetic beginning
of the translational research.
All cells secrete proteins
The human body could be viewed as
composed of multiple types of secretory cells
delivering a vast number of (neuro)peptides,

cellular proteins (cytokines, chemokines, cell
growth
factors,
adipokines,
myokines,
adipomyokines, osteokines, gastrokines, etc),
extracellular matrix proteins, glycoproteins and
proteoglycans (collagen, elastin, fibrillin,
aggrecan, laminin, fibronectin, etc), also
steroids and other signaling and structural
molecules, which control many biological
processes and functions in health and disease
(Palade, 1975; Blobel, 2000; Chaldakov et al.,
2003; Töre et al., 2007; Chaldakov and Fiore,
2010, Frohlich et al., 2021).
The secretory proteins are two major
classes: imported and exported proteins.
Accordingly, they are targeted to five loci:
cytosol, organelles, nucleus, plasmalemma, and
outside the cell. A large number of exported
proteins are processed by the RER-Golgi
complex-TGN (trans-Golgi network) route
including targeting processes using signal
recognition particle (SRP)-polyribosome-signal
peptide (SP) receptor-mediated interactions;
these latter represent the Blobel’s topology
concept of cell protein secretion (Blobel, 2000).
However, such a SRP-SP dependent
protein secretion cannot explain the processing
of SP-lacking proteins which are also exported
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such as cell growth factors and cytokines.
These proteins gain access to the cell exterior
via an unconventional secretory pathway,
which does not use Golgi complex (Nickel,
2010). Intriguing examples of such a secretion
are extracellular vesicles (also dubbed
nanosomes): (i) exosomes, 30-100 nm vesicles
derived from multivesicular bodies (Lai and
Breakefield, 2012; Zar et al., 2020), and (ii)
ectosomes (microparticles), 100-900 nm
vesicles shaded from plasma membrane
(Sadallah et al., 2011). Both exosomes and
ectosomes carrying important bioactive
molecules, e.g. DNA, mRNA, microRNA,
cytokines
and
immunoglobulins,
to
communicate among cells via endo- and
paracrine way, hence, collectively designated
singnalosomes (Chaldakov, 2021).
Two membrane flows operate inside the cell:
i. Protein secretory membrane flow
(secretory pathway) starting on free
polyribosomes, followed by RER,

posttranslational modification in Golgi
complex, Golgi-derived vacuoles, the
motor protein kinesin [a microtubule
(MT)-based anterograde (+) motor]
and, finally, plasmalemma, where the
release of vacuole-stored proteins
occurred (see Fig. 5-7). There are two
different secretory pathways: regulated
and constitutive (Fig. 8).
ii. endocytotic membrane flow (endocytic
pathway) starting from plasmalemma
and moves in the following order:
coated pits, coated vesicles, caveolae,
caveolosomes, early endosomes, late
endosomes, MVB and lysosomes in
collaboration with dynein [MT-based
retrograde (-) motor protein]. It is the
way of internalization of molecules
(pinocytosis,
potocytosis,
and
trogocytosis)
and
microbes
(phagocytosis) from outside into inside
of the cell.

Fig. 8. Schematic illustration of constitutive (C) and regulated (R) secretory pathways. In the C
pathway, secretory vacuoles continuously translocate proteins synthesized in (i) rough endoplasmic
reticulum (RER) to the plasmalemma for exocytosis (A), and (ii) RER-Golgi complex (GC) for the
insertion within the plasmalemma (B). In the R pathway, RER-GC synthesized proteins are stored
within various types of secretory granules or vesicles until they released in response to specific
signals (B). From (Chaldakov, 2021)
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Table 1 presents a summating view of “Palade dixit” about cell protein secretion.
Table 1. The intracellular protein secretory pathway

Abbreviations: RER, rough endoplasmic reticulum; COP, coat protein, COP I and COP II vesicles,
respectively.

Vascular biology:
smooth muscle cells

secretory

phenotype

In 1960 Maria Daria Haust and colleagues
(Haust et al., 1960) published their seminal
article suggesting the fibrogenic potential of
VSMC as related to extracellular matrix
production. Since then VSMC secretion,
proliferation and migration have been
increasingly studied as key cellular phenomena
in the initiation and development of
atherosclerosis. This concept was further
developed (Ross, 1999; Libby, 2021). Of note,
in the last 10-15 years a new paradigm shift in
the process of atherogenesis has been
emerging addressing the pivotal role of the
atherosclerotic plaque’s fibrous cap (Ghenev et
al., 2017; Chaldakov et al., 2020).
In 1973 in Heidelberg, Germany, a
Symposium on The Smooth Muscle of the
Artery was held. There, one of us (GNC)
presented a lecture on their own TEM findings
on the significance of (i) Golgi-derived
secretion granules and clathrin-coated vesicles,
and (ii) cytoplasmic MT in the secretory
pathway of VSMC (Chaldakov and Nikolov,
1975) (Fig. 9). Based on these and related own
results (cited herein), the term “secretion” was

for the first time linked to VSMC functions,
and it was appreciated by the vascular biology
community, thus replacing the terms “modified
SMC” and “synthetic SMC”, which were not
conceptually correct in sense of Palade’s
understanding of the cell protein secretion.
Here is placed the great significance to find the
Teacher, and to creatively follow Him.
Microtubules are essential for the secretion
in vascular smooth muscle cells
It is well known that the major
architectural components of cytoskeletal MT
are α- and β-tubulins, MT-associated proteins
(MAP 1-4 and tau protein) being tightly
involved
in
the
microtubulogenesis.
Microtubules are essential for a variety of
cellular functions, including the translocation
of RER- and Golgi-derived vesicles and
vacuoles during the secretory process. There
are chemical substances which can disassemble
already formed MT and inhibit de novo MT
formation via their tubulin-binding properties,
hence these agents are termed antitubulins or
MT-disassembling agents, colchicine being the
classical example of them (reviewed in Yanev
et al., 2016; Chaldakov, 2018).
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Our colchicine study for the first time
aimed at testing the possible role of MT for
VSMC secretory process. The experimental
rabbits were treated with a sub-antimitotic dose
of colchicine aimed at the disassembly of
cytoplasmic, not mitotic, MT. The VSMC of
untreated rabbits showed well-developed RER
and Golgi complex, and MT associated with
Golgi-derived secretion granules and with
cisternae of RER. Colchicine treatment affected

(i) MT in a monotypic way (all VSMC
contained no MT after colchicine), and (ii)
Golgi complexes and RER in a dual way,
resulting in two structural subpopulations of
VSMC. One subpopulation displayed a
significant accumulation of Golgi-derived
secretion granules (Fig. 10a), whereas another
showed a vacuolar dilation of RER cisternae
(Fig. 10b).

a.

b.
d.

e.

c.
Fig. 9. Electron micrographs of secretory-state (secretory phenotype) aortic smooth muscle cells of
the rabbit. a. Well developed Golgi complex (G). b-e. Vacuoles with a fuzzy (probably not clathrin)
coat (arrowheads and arrows). e. Vacuole-associated microtubules. a, x11 000; b, x30 000;
c, x20 000; d, x45 000; e, x80 000. From (Chaldakov and Vankov, 1986)
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a.

b.

Fig. 10. Electron micrographs of secretory-state (secretory phenotype) aortic smooth muscle cells
of the rabbit treated with a sub-antimitotic dose of colchicine. The cells responded to the treatment
by (a) an accumulation of secretion granules (circles), or (b) vacuolar type dilation of rough
endoplasmic reticulum (RER) cisternae, some of them approaching the cell periphery (1, 2, 3),
suggesting of a direct RER, not dependent on MT, way of exocytosis. a, b, x10 000. From
(Chaldakov, 2018)
Colchicine and cardiovascular diseases:
Bench-to-bedside data
Atherosclerotic cardiovascular disease and
its complications (erosion and rupture of the
plaque fibrous cap) lead to acute coronary
syndromes, myocardial infarction or stroke.
Accordingly, VSMC of the innermost media
undergo phenotypic modulation towards a
secretory state involved in matrix proteins
production (see Fig. 6). The risk of plaque
rupture is inversely correlated with the
presence of secretory phenotype VSMC and
collagen fibrils within the fibrous cap
(Shankman et al., 2015; Ghenev et al., 2017;
Wirka et al., 2019; Chaldakov et al., 2020).
Bench-to-bedside (B2B) investigations are
the process of translating basic science
discoveries into clinical applications. The B2B
model begins with experiments in the
laboratory and ends with success or failure in
clinical trials.
For instance, the therapeutic use of
colchicine has extended from its classical
application in gouty arthritis to familial

Mediterranean fever, Behcet’s disease, liver
fibrosis, osteoarthritis, pericarditis, and a
variety of disorders associated with the
cardiovascular disease (e.g., acute coronary
syndromes, myocardial infarction, atrial
ﬁbrillation, and hypertrophic cardiomyopathy –
it is known that the accumulation of MT in
hypertrophied cardiomyocytes impedes their
contraction, whereas MT disassembly by
colchicine causes striking improvement in
contractile function) (reviewed in Chaldakov
and Vankov, 1986b).
Recently, our abovementioned colchicine
results (also see Cecconi et al., 2021) gained a
therapeutic appreciation in cardiovascular
diseases using 0.5 mg/day, low-dose colchicine
(LoDoCo) therapy (Nidorf et al., 2013; Lee et
al., 2016; Vaidya et al., 2017; Tardif et al.,
2019).
Whatsoever, a more effective approach
would be a “bench-to-bedside-to-bench”
(B2B2B) as some colleagues proposed.
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Conclusions
We argue that one of the present
challenges in vascular biology is to cultivate
secreto-centric thinking applied to further
focusing on how we could make VSMC
phenotypic modulation and secretory pathways
work for the benefit of human’s cardiovascular
health, including in thoracic aortic aneurysms
related to Marfan syndrome (Xiong et al.,
2008; Mullen et al., 2019).
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