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Abstract: Glycosylphosphatidylinositol-anchored proteins (GPI-APs) are anchored at the outer leaflet
of eukaryotic plasma membranes (PMs) only by carboxy-terminal covalently coupled GPI. GPI-APs
are known to be released from the surface of donor cells in response to insulin and antidiabetic
sulfonylureas (SUs) by lipolytic cleavage of the GPI or upon metabolic derangement as full-length
GPI-APs with the complete GPI attached. Full-length GPI-APs become removed from extracellular
compartments by binding to serum proteins, such as GPI-specific phospholipase D (GPLD1), or
insertion into the PMs of acceptor cells. Here, the interplay between the lipolytic release and intercel-
lular transfer of GPI-APs and its potential functional impact was studied using transwell co-culture
with human adipocytes as insulin-/SU-responsive donor cells and GPI-deficient erythroleukemia as
acceptor cells (ELCs). Measurement of the transfer as the expression of full-length GPI-APs at the
ELC PMs by their microfluidic chip-based sensing with GPI-binding α-toxin and GPI-APs antibodies
and of the ELC anabolic state as glycogen synthesis upon incubation with insulin, SUs and serum
yielded the following results: (i) Loss of GPI-APs from the PM upon termination of their transfer and
decline of glycogen synthesis in ELCs, as well as prolongation of the PM expression of transferred
GPI-APs upon inhibition of their endocytosis and upregulated glycogen synthesis follow similar
time courses. (ii) Insulin and SUs inhibit both GPI-AP transfer and glycogen synthesis upregulation
in a concentration-dependent fashion, with the efficacies of the SUs increasing with their blood
glucose-lowering activity. (iii) Serum from rats eliminates insulin- and SU-inhibition of both GPI-APs’
transfer and glycogen synthesis in a volume-dependent fashion, with the potency increasing with
their metabolic derangement. (iv) In rat serum, full-length GPI-APs bind to proteins, among them
(inhibited) GPLD1, with the efficacy increasing with the metabolic derangement. (v) GPI-APs are
displaced from serum proteins by synthetic phosphoinositolglycans and then transferred to ELCs
with accompanying stimulation of glycogen synthesis, each with efficacies increasing with their
structural similarity to the GPI glycan core. Thus, both insulin and SUs either block or foster transfer
when serum proteins are depleted of or loaded with full-length GPI-APs, respectively, i.e., in the
normal or metabolically deranged state. The transfer of the anabolic state from somatic to blood cells
over long distance and its “indirect” complex control by insulin, SUs and serum proteins support the
(patho)physiological relevance of the intercellular transfer of GPI-APs.

Keywords: diabetes; glimepiride; glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs);
(G)PI-specific phospholipase D (GPLD1); insulin action; protein transfer; sulfonylurea drugs (SUs)

1. Introduction

Soon after the discovery that certain cell surface proteins are anchored at the outer
leaflet of the plasma membranes (PMs) of eukaryotic cells by a glycosylphosphatidyli-
nositol (GPI) glycolipid that is covalently bound to the carboxy terminus of the protein
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moiety [1,2], the question concerning the role of membrane anchorage by GPI arose. Ap-
proximately 200 GPI-anchored proteins (GPI-APs) have been predicted or identified so
far in mammalian cells, based on the carboxy-terminal consensus sequence for GPI ad-
dition and biochemical analysis, respectively [3,4]. The highly conserved GPI consists
of amphiphilic phosphatidylinositol with two long-chain (mostly saturated) fatty acyl
chains and a hydrophilic glycan core composed of glycosidically linked nonacetylated
glucosamine and three mannose residues, which are amide-linked to the carboxy-terminus
of the protein moiety via an ethanolamine-phosphodiester bridge (for structural details see
Supplementary Materials, Supplementary Figure S1). GPI-APs are assembled along the
secretory pathway (for a review, see [5–7]).

Low space requirement at PMs, increased lateral mobility within the plane of the
outer PM leaflet, capability for accumulation at higher density, in particular at certain cell
surface microdomains, such as lipid rafts [8] (for a review, see [9–12]), and the possibility of
the specific, rapid and controlled release from the cell surface by a single type of enzyme,
GPI-specific phospholipases (GPI-PLs; for a review, see [13–16]), rather than by a multitude
of different proteases, have been regarded as potential main reasons for the cell surface
anchorage of proteins via GPI rather than by typical proteinaceous transmembrane domains.
The functional implications of GPI anchorage apparently differ for each GPI-AP, since the
exchange of a GPI for a transmembrane anchor by recombinant technology has been
demonstrated to result in complete loss, impairment only or even maintenance of the
function for the GPI-APs studied [17–20].

Considering the controlled release of GPI-APs, a multitude of GPI-APs, among them
lipoprotein lipase, glycolipid-anchored cAMP-binding/phosphodiesterase ectoprotein
Gce1 and 5’-nucleotidase CD73 [21–23], have been demonstrated to be lipolytically cleaved
from the surface of a variety of eukaryotic cells, such as rat primary and cultured (3T3-
L1) adipocytes, under certain (patho)physiological conditions or in response to certain
hormones and stimuli, among them glucose [21,24], insulin [23,25–27] and antidiabetic
sulfonylureas (SUs) [22,23,28]. In particular, the treatment of primary or cultured rodent
adipocytes, cultured RAW264 or microglial cells with pharmacological concentrations of the
antidiabetic SU of the 3rd generation, glimepiride (for structural details see Supplementary
Materials, Supplementary Figure S2), a potent amphiphilic-to-hydrophilic conversion and
release from the cell surface as soluble proteins were observed for a subset of GPI-APs,
such as Gce1 and CD14, respectively, which is due to the activation of an endogenous
GPI-PLC, with its catalytic ectodomain exposed at the cell surface [21–28]. The identity of
the mammalian GPI-PLC(s), in particular the insulin- and SU-dependent one(s), remains
to be elucidated as holds true for the molecular mechanism(s) of their activation, albeit
tyrosine kinase signaling [29] and glucose transport-dependent [21,24] pathways have
been suggested.

Experimental findings obtained over the last two decades have increasingly focused
on the apparently labile cell surface anchorage of GPI-APs with resulting amphitropic
localization at both cell surfaces and in extracellular compartments, as a consequence of
their spontaneous nonenzymic release from the outer leaflet of PMs due to the fact of their
pronounced overall amphiphilic character (i.e., large hydrophilic protein moiety coupled
to amphiphilic GPI) (for a review, see [15,16]). The capability of full-length GPI-APs for
spontaneous release from and insertion into PM, as deduced from this large body of ex-
perimental data obtained in vitro, immediately raised the possibility of a physiological
function of the intercellular transfer of GPI-APs in multicellular (e.g., mammalian) organ-
isms between donor and acceptor cells of the same type over a short distance (i.e., within
the same tissue depot) and in the so-called “direct” mode, i.e., without interference by
other (e.g., serum) proteins. In fact, “direct” transfer has recently been demonstrated for
large heavily lipid-loaded and small less lipid-loaded adipocytes [30], which may shift the
burden of lipid synthesis from the former to the latter in case of the need of excessive fat
deposition in adipose tissues. In contrast, GPI-AP transfer between different cell types over
a long distance (i.e., between different tissue depots) has been considered as unwanted:
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transfer of GPI-APs typically covering a broad spectrum of functions, such as receptors,
binding proteins, enzymes, cell adhesion, and matrix proteins [5,7,13], across extracellular
compartments, such as interstitial spaces and blood, to acceptor cells of different tissue
depots, which do not express them at the surface in the normal state, could lead to dele-
terious effects. Consequently, it has been postulated that mammalian organisms had to
develop strategies to prevent the transfer of GPI-APs between cells over a long distance
via the circulation. In agreement, upregulated cleavage by the major serum protein, GPI-
specific phospholipase D (GPLD1) [31,32], and interaction with serum proteins of the GPI
of GPI-APs have been reported [33,34] and correlated to the elevated release of the latter
in response to adverse effectors, such as age and metabolic state, thereby blocking their
transfer in the so-called “indirect” mode, i.e., with the aid of other (e.g., serum) proteins.

In the present study, a putative role of the controlled lipolytic release of GPI-APs from
donor cells with loss of their GPI anchor in concert with serum GPI-binding proteins in
the prevention of GPI-AP transfer to and associated effects in acceptor cells different and
distant from the donor cells was investigated.

For this, the previously introduced transwell co-culture of differentiated human
adipocytes [30] as donor cells and mutant erythroleukemia K562 (EL) cells (ELCs), which
fail to express GPI-APs at their surface [35], as acceptor cells and detection of the transferred
GPI-APs with a chip-based microfluidic sensor system [36,37] were used. The latter relies
on the propagation of surface acoustic waves (SAWs) along the chip surface, which is
affected in the course of binding to the chip of any entities, in general, and interaction
between partners of interest, in particular, one of which, here PMs, became immobilized
onto the chip surface with the aid of ionic and covalent capturing procedures. The other
one, binding-proteins against the immobilized partner, here α-toxin for the GPI anchor (for
a review, see [38]) or antibodies against the protein moieties of the transferred GPI-APs,
is subsequently injected into the chip channels (single or in sandwich). The resulting
rightward phase shift (i.e., increase in difference in phase or decrease in frequency) of the
SAWs represents a real-time measure for the mass loaded, here the nature and amount of
full-length GPI-APs that were transferred during the previous incubation of the ELCs, onto
the immobilized sample analyte, here their PMs.

Both insulin and glimepiride caused the downregulation of the transfer of GPI-APs
from human adipocytes to ELCs and the accompanying stimulation of glycogen synthesis.
Unexpectedly, in the presence of serum insulin and glimepiride this led to increased GPI-AP
transfer and glycogen synthesis, dependent on the metabolic state of the rats, from which
the serum was derived. The differential serum-dependent effects of insulin and glimepiride
on GPI-AP transfer were shown to rely on the displacement of full-length GPI-APs from
serum GPI-binding proteins by GPI-APs lipolytically cleaved in response to insulin or SUs.

Taken together, the present study suggests that the transfer of GPI-APs between
different and distant cells (e.g., from donor adipose to acceptor blood cells) may exert
(patho)physiological roles in the acceptor cells (e.g., stimulation of glycogen synthesis),
which is under the “indirect” control of a complex interplay of serum proteins (e.g., GPLD1),
signals (e.g., insulin) and drugs (e.g., SUs).

2. Results
2.1. Stimulation of Basal Glycogen Synthesis upon Transfer of GPI-APs Depends on Their
Localization at the PMs of the Acceptor ELCs

Full-length GPI-APs with the complete GPI anchor remaining attached become re-
leased from and inserted into the outer leaflets of PMs of human donor adipocytes and
acceptor ELCs, respectively, with the accompanying upregulation of glycogen synthesis
in the latter, as recently demonstrated using transwell co-culture and SAW sensing [29].
However, it has been left open whether the transferred GPI-APs remain localized at the
PMs in order to exert their putative biological function. The extra- vs. intracellular localiza-
tion of the transferred GPI-APs, in particular their possible internalization in the acceptor
cells, which has been amply documented with native GPI-APs after their biogenesis in
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various cell types, was assayed with GPI-deficient ELCs as acceptor cells, which facilitate
the detection of the putative physiological effects of GPI-AP transfer due to the missing
background of endogenous GPI-APs (for a more detailed explanation, see [30]). After
incubation with human adipocytes as donor cells for the induction of the transfer (i) and
further incubation in the absence of the donor adipocytes for increasing periods to provoke
their internalization (ii), PMs were analyzed for the expression of the total and individual
GPI-APs (iii; Figure 1a,b) and, in parallel, glycogen synthesis was measured at low (basal)
and high concentrations of glucose (iv; Figure 1c,d).

For the determination of the rather low amounts of GPI-APs transferred during the
transwell co-culture (for more details, see [30]), a chip-based microfluidic sensor system
of very high sensitivity, accurateness and reproducibility, as well as robustness, towards
the turbidity and viscosity caused by the lipidic entities in the samples was used. It relies
on the propagation of SAWs along the gold surface of the chip channels, which is affected
by any interaction of macromolecules with the channels, e.g., by capture of PMs through
combined ionic and covalent bonds upon their injection, as well as subsequent binding
of antibodies directed towards transmembrane proteins or GPI-APs expressed at those
PMs. The resulting rightward phase shift (decrease in frequency) of the SAWs represents a
measure for the mass (i.e., relevant antibodies) loaded onto the chip (as single entities or in
sandwich) and, consequently, for the amount of a specific membrane protein at the PMs.
Thus, both successful capture of the PMs, prepared from the acceptor cells, by the TiO2 chip
surface (not shown here; for details, see [30]) and the nature and amount of specific GPI-APs
expressed at the acceptor PMs after their (i) transfer to and (ii) eventual internalization by
the acceptor ELCs during transwell co-culture together with donor adipocytes (i) and then
alone (ii) can be monitored as increases in the phase shift.

The SAW sensing of the PMs of acceptor cells that were incubated with medium alone
did not result in phase shift increases upon the injection of anti-TNAP, CD73 and AChE
antibodies (Figure 1a, ∆ Control, 1800–2700 s) in agreement with the lack of expression of
those GPI-APs by GPI-deficient ELCs, as has been recently reported [35,39]. However, the
phase shift ∆ between incubation (i) (for one week) of the acceptor ELCs with (Figure 1a, ∆
0 min of incubation [ii]) but not without (Figure 1a, ∆ Control) donor adipocytes increased
in stepwise fashion, indicating the transfer of TNAP, CD73 and AChE from the PMs of
donor adipocytes to the PMs of acceptor ELCs. By contrast, no phase shift ∆ were measured
for the transmembrane proteins Band-3 and Glut4, as well as the atypical caveolae-specific
membrane protein Cav1, which were all endogenously expressed by the GPI-deficient
ELCs but failed to be transferred from the human adipocytes during transwell co-culture
incubation (i) (Figure 1a, ∆ Control, 800–1800 s).

The expression of proteins at PMs is typically determined by the rates of their synthe-
sis/exocytosis and internalization/degradation, which are at equilibrium during contin-
uous cell growth. This holds true with the transmembrane proteins, since the antibody-
induced phase shifts did not increase upon incubation (ii) of the ELCs with medium alone
(i.e., upon the removal of the insert wells with the donor adipocytes from the bottom wells
with the ELCs) for increasing periods (Figure 1a, ∆ 0 min-8 h, 800–1800 s). By contrast,
antibody-induced phase shift increases for the transferred GPI-APs declined over time of
the incubation (ii) in the absence of the donor cells (Figure 1a, ∆ 0 min-8 h, 1800–2700 s).
Eight hours after the termination of the GPI-AP transfer, the phase shift reached control
levels, as observed for the missing transfer upon incubation with medium alone (Figure 1a,
∆ Control, 1800–2700 s). These data reflect the continuous internalization (during incuba-
tion [ii]) of the transferred GPI-APs in the GPI-deficient ELCs, which only became apparent
upon the termination of the transfer (during incubation [i]), leading to a rightward shift of
the steady state of the PM expression of GPI-APs between their transfer and internalization.
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Figure 1. Parallel loss of transferred GPI-APs and of upregulated glycogen synthesis in acceptor
ELCs. Transwell co-cultures were run with human adipocytes (of lipid-loading stage IV) as donor
cells or only medium (Control) and GPI-deficient ELCs as acceptor cells in the insert and bottom wells,
respectively, as described in Section 4. (a) After incubation (i) for transfer (1 week, 37 ◦C, absence of
serum and BSA), the insert wells were removed. The bottom wells were rinsed once with medium
and then subjected to incubation (ii) with medium for internalization (37 ◦C, absence of serum and
BSA) for the periods indicated (Control for 8 h). Subsequently, PMs were prepared from the ELCs
of the bottom wells, then coupled to chips by ionic/covalent capture and, finally, analyzed for the
expression of membrane proteins by SAW sensing, as described in Section 4. Phase shifts induced by
the sequential binding of antibodies against transmembrane proteins (800–1800 s) and then GPI-APs
(1800–2700 s) and by the subsequent action of bacterial PI-PLC (2700–2900 s) and, finally, TX-100
(3000–3200 s) are shown, omitting the preceding capturing of the PMs (0–700 s; for details as well
as methods of correction and normalization, see [29]). Phase shift ∆ measured in response to the
injection of the anti-TNAP, CD73 and AChE antibodies (1800–2700 s) as summation signals, indicated
by the horizontal, hatched lines and brackets for each incubation period. (b) The experiment was
repeated four to six times (distinct incubations for both [i] and [ii]). Relative amounts of total GPI-APs
(black line, summation signals corresponding to panel a, 1800–2700 s) or individual GPI-APs (colored
lines, single signals corresponding to panel a, 1800–2100, 2100–2400, 2400–2700 s) transferred from the
adipocytes during the incubation (i) and left at PMs of ELCs after the various periods of incubation
(ii) are given. Significant differences between start of internalization (100% GPI-APs left at PMs at
0 min of incubation [i]) and the various periods of second incubation (0–480 min) for both total (black
symbols) and individual GPI-APs (colored symbols), as well as between total GPI-APs and AChE,
for each period of incubation (ii) (turquois symbols) are indicated. (c,d) The acceptor ELCs, which
were run for 120 min (c) or increasing periods (d) of incubation, (ii) were used for the determination
of glycogen synthesis during incubation (iii) (15 min, 37 ◦C, presence of BSA) with [U-14C]glucose
at increasing concentrations and a constant specific radioactivity, as described in Section 4. (c) The
absolute amount of glycogen synthesized in the ELCs is given (dpm) for the configuration with
donor adipocytes or only medium as the control in the insert wells, with significant differences
between glucose at 0.1 mM and higher concentrations (green and blue symbols, respectively), as well
as between donor adipocytes and medium control, at each glucose concentration (black symbols)
indicated. (d) The fold-stimulation of glycogen synthesis in ELCs is given for the configuration with
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donor adipocytes in the insert wells (medium control set at 1) and for each glucose concentration
and each period of incubation (ii). Significant differences between 0 min and the various periods of
internalization are indicated for each glucose concentration (correspondingly colored symbols), as
well as between 0.1 and 15 mM glucose for each period of internalization (red symbols) (means ± SD;
* p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05). (b,d) Half-life times for 50% loss of transferred GPI-APs from the
PMs of ELCs and 50% reduction of glycogen synthesis stimulation (as indicated by the horizontal,
hatched lines) are given by the vertical, hatched lines. (c) Glucose concentrations for the half-maximal
stimulation of glycogen synthesis in ELCs (as indicated by the horizontal, hatched lines) are given by
the vertical, hatched lines.

Bacterial PI-PLC specifically cleaves off the diacylglycerol moiety of GPI anchors
from GPI-AP protein moieties. Moreover, it may release those PM vesicles from the chips,
which have been immobilized through ionic/covalent capture of GPI-APs. In fact, the
injection of bacterial PI-PLC (Figure 1a, 2700–2900 s) following that of the antibodies led
to a decline in antibody-induced phase shifts in sandwich compatible with anchorage
of the corresponding transferred and internalized proteins through full-length GPI. The
only 30 to 50% reduction may be explained by partial lipolytic digestion only due to the
fact of the impaired accessibility of the GPI-APs for bacterial PI-PLC, which is known
to depend on the type of both cell and protein. Importantly, acylation at the 2-position
of the myo-inositol residue of the glycan core of human GPI-APs, which occurs during
early biogenesis (and becomes reversed during later stages for some but not all human cell
types and GPI-APs, such as for erythrocyte AChE, decay accelerating factor and placental
alkaline phosphatase), was reported to impair cleavage by bacterial PI-PLC [5–7,40,41]. An
only partial regain of deacylase expression during prolonged culture of ELCs could be
responsible for the removal of only a portion of the transferred GPI-APs, the deacylated
ones, from PMs (Figure 1a, 2700–2900 s).

The portions of the phase shift increase corresponding to acylated GPI-APs, which
were transferred (incubation [i]) yet not internalized (during the initial period of incubation
[ii]; ∆ 0 min–2 h) and resisted PI-PLC, were completely eliminated following the injection
of TX-100 (Figure 1a, 3000–3200 s). This agreed with the solubilization of the captured PM
and confirmed that any alteration in phase shift measured by SAW sensing relied on the
PMs captured by the chips.

The quantitative evaluation of the number of GPI-APs left at the PMs of GPI-deficient
ELCs immediately after the termination of transfer (after one week of incubation [i]; see
Figure 1a, green curve, ∆ 0 min) and after subsequent incubation (ii) for increasing periods
(see Figure 1a, ∆ 15 min–8 h) revealed the time-dependent loss from PMs, i.e., internalization
of the total and individual transferred GPI-APs (Figure 1b). The kinetics revealed its
completion after 6 to 8 h for all GPI-APs but with significant differences in the half-life
times, ranging from 20 to 25 min for AChE to up to 50 to 55 min for TNAP.

Previous data have shown that the transfer of total adipocyte GPI-APs to GPI-deficient
ELCs is correlated to the upregulation of basal glycogen synthesis, as measured at a low
glucose concentration [30]. Importantly, this apparent biological effect of GPI-AP transfer is
glucose-dependent and declined with increasing concentrations of glucose, as shown here
by the transfer of GPI-APs from donor adipocytes (Figure 1c, 0 min, green lines) or control
incubation (Figure 1c, medium, blue lines), subsequent incubation of the acceptor ELCs in
the insert wells of the transwell co-culture with increasing concentrations of radiolabeled
glucose (at identical specific radioactivity) and final assay for the amount of glycogen
synthesized. As expected, radiolabeled glycogen increased with increasing concentrations
of glucose in ELCs lacking, as well as harboring, transferred GPI-APs due to the fact of
mass action. However, the stimulation of glycogen synthesis by the transferred GPI-APs
was more pronounced at low (0.1–5 mM) glucose concentrations. This led to a leftward shift
of the concentration–response curve for ELCs with transferred GPI-APs, as revealed by the
lower glucose concentration effective for half-maximal stimulation (1.6 mM) compared to
GPI-deficient ELCs (3.9 mM) (Figure 1c).
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Next, the effect of the internalization of the transferred GPI-APs in ELCs on glucose-
dependent glycogen synthesis was investigated (Figure 1d). The stimulation of glycogen
synthesis by the transferred GPI-APs decreased with the increasing periods of incubation
(ii) after the termination of transfer (incubation [i]) and start of the decline of the GPI-
APs at PMs (Figure 1d, 0 min), irrespective of the glucose concentration present during
the assay. The half-life times, as well as the time points, for the complete abrogation of
glycogen synthesis stimulation (Figure 1d, 4–8 h) were like those for the internalization of
the transferred GPI-APs (Figure 1b). Moreover, at the start of the internalization (zero time
point), the fold-stimulation of glycogen synthesis (at identical, specific radioactivity) by
transferred adipocyte GPI-APs was highest at 0.1 mM glucose and significantly decreased
with increasing glucose concentrations to up to the complete loss of stimulation at 15 mM.
In conclusion, the comparable kinetics of the internalization of the transferred GPI-APs and
downregulation of (predominantly basal) glycogen synthesis in the acceptor ELCs argued
for a mechanistic link between the transfer to and residence at their PMs of GPI-APs and
sensitization of glycogen synthesis towards glucose.

These findings prompted the investigation of the effects of the inhibition of the inter-
nalization of the transferred GPI-APs on their residence at the PMs in parallel to the basal
glycogen synthesis in the acceptor ELCs. For this, small-molecule inhibitors of the endocy-
tosis of typical or atypical transmembrane proteins involving either clathrin-coated vesicles
(chlorpromazine, Dynasore) or caveolae (filipin, Dynasore) (Figure 2a–c) [42], as well as
siRNAs directed towards components of the GPI-AP-enriched endosomal compartment
(GEEC [42–46]) (Rac1, RhoA, Cdc42 [47]) engaged in endocytosis of GPI-APs (Figure 2d–f)
were used. The downregulation by the siRNAs, alone or in combination, was demonstrated
for the corresponding RNAs by qPCR (Müller and Müller, unpublished data) and proteins
by SAW sensing (Supplementary Materials, Supplementary Figure S3, Supplementary
Table S1) and found to be specific and efficient (by 82 to 89% and 65 to 78%, respectively).
After the termination of the GPI-AP transfer (incubation [i]) by removal of the donor
adipocytes from the acceptor ELCs in the transwell co-culture, the inhibitors were added to
incubation (ii) (480 min) for putative interference with the internalization of the GPI-APs.
As expected, an analysis of the PMs of the ELCs by SAW sensing for typical (Band-3, Glut1)
or atypical (Cav1) transmembrane proteins (TMPs) revealed significant increases in phase
shift (Figure 2a; 800–1800 s; summation signals) and, thus, expression at PMs (Figure 2b;
calculated total and individual TMPs, presence vs. absence of inhibitor) of Band-3 and
Glut1 (to up to 2.2-fold) in response to chlorpromazine and Dynasore, and of Cav1 (to up
to 1.6-fold) in response to filipin and Dynasore. In contrast, filipin, chlorpromazine and
Dynasore did not significantly affect the PM expression of the GPI-APs TNAP, CD73 and
AChE (Figure 2a; 1800–2700 s, Figure 2b).

The measurement of the glycogen synthesis of the ELCs after increasing periods
of internalization confirmed the time-dependent decline of the transfer-induced basal
glycogen synthesis (see Figure 1b), with complete loss after 480 min (Figure 2c, green line),
but it did not reveal any effect of filipin, chlorpromazine or Dynasore on the kinetics of
glycogen synthesis downregulation (Figure 2c).

The presence of siRNAs directed towards Rac1, RhoA and Cdc42 compared to their
absence (Figure 2d; orange curve) after the termination of transfer during internalization
led to significant upregulation of the amounts of transferred GPI-APs left at PMs, in
this ranking order of increasing efficacy of the siRNAs (Figure 2d). The time courses of
internalization, which were calculated as the number of transferred total GPI-APs left at
PMs of the ELCs, were shifted to the right by the siRNAs, with those directed towards
Cdc42 and Rac1 being most and least efficient, respectively (Figure 2e). After 480 min of
incubation with Rac1, RhoA and Cdc42, approximately 40, 60 and 80% of the transferred
total GPI-APs, respectively, was left at PMs compared to the absence of siRNAs (Figure 2d,e;
green lines).
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Figure 2. Inhibition of the internalization of transferred GPI-APs via the GEEC and persistence of
transfer-induced glycogen synthesis in ELCs. Transwell co-cultures were run with human adipocytes
(of lipid-loading stage IV) as donor cells or only medium (Control no transfer) and GPI-deficient
ELCs as acceptor cells in the insert and bottom wells, respectively, as described in Section 4. (a) After
incubation (i) for transfer (1 week, 37 ◦C, absence of serum and BSA), the insert wells were removed.
The bottom wells were rinsed once with medium and then subjected to incubation (ii) with medium
for internalization (480 min, 37 ◦C, absence of serum and BSA) in the absence (Control transfer) or
presence of Dynasore (80 µg/mL), filipin (0.5 µg/mL) and chlorpromazine (50 µM). The following
procedures were performed as described for Figure 1a. Phase shift ∆ was measured in response
to the injection of anti-Band-3, Glut1 and Cav1 (800–1800 s; TM), as well as TNAP, CD73 and
AChE antibodies (1800–2700 s; GPI), as summation signals indicated by the horizontal, hatched
lines and brackets for each incubation condition. (b) The experiment was repeated four and five
times (distinct incubations [ii]). Relative amounts of the total (summation signals, black bars) and
individual (colored bars) transmembrane proteins (TM) and GPI-APs (GPI) transferred from the
human adipocytes during incubation (i) and left at the PMs of the ELCs after incubation (ii) in the
presence or absence (set at 100% each) of various inhibitors of endocytosis are given. Significant
differences between the absence and presence of each inhibitor for both the total (black bars) and
individual (colored symbols) TM and GPI-APs are indicated. (c) The acceptor ELCs in the bottom
wells of the transwell co-cultures were used for the determination of glycogen synthesis during
incubation (iii) for glycogen synthesis (15 min, 37 ◦C, presence of BSA) with [U-14C]glucose (0.1 mM)
after the various periods of incubation (ii) in the absence (green line) or presence of the various
inhibitors, as described in Section 4. Relative glycogen synthesis left in ELCs is given, with no
incubation (ii) (0 min) set at 100%. (d) Transwell co-cultures were run with human adipocytes as
donor cells or only medium (Control) and ELCs as acceptor cells in the insert and bottom wells,
respectively, as described in Section 4. After incubation (i) for transfer (1 week, 37 ◦C, absence of
serum and BSA), the insert wells were removed. The bottom wells were rinsed once with medium
and then subjected to incubation (ii) with medium for internalization (37 ◦C, absence of serum and
BSA) in the absence of siRNA for 0 min (No siRNA; green curve) and 480 min (No siRNA; orange
curve) or presence of siRNAs (30 nM) directed against Cdc42, RhoA and Rac1 for 480 min. The
following procedures were performed as described for Figure 2a, except for injecting anti-Glut4 rather
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than Glut1 antibodies. (e) The experiment was repeated four to seven times (distinct incubations [ii]).
Relative amounts of the total GPI-APs (summation signals) transferred from the human adipocytes
during incubation (i) and then left at the PMs of ELCs after incubation (ii) in the presence or absence
of siRNAs are given, with the 0 min incubations set at 100% each. Significant differences between each
incubation period and the 0 min incubation (colored symbols), as well as between the absence and
presence of each siRNA for each incubation period, are indicated (black symbols). (f) The acceptor
ELCs in the bottom wells of the transwell co-cultures were used for the determination of glycogen
synthesis during incubation (iii) (15 min, 37 ◦C, presence of BSA) with [U-14C]glucose (0.1 mM) after
the various periods of incubation (ii) in the absence (green line) or presence of each siRNA. The
relative glycogen synthesis in the ELCs is given with no incubation (ii) (0 min) set at 100%. Significant
differences between each incubation period and the 0 min incubation (colored symbols), as well as
between the absence and presence of each siRNA for each incubation period, are indicated (black
symbols) (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Importantly, the time courses of the internalization of the GPI-APs (Figure 2e) and
downregulation of the glycogen synthesis (Figure 2f) in the ELCs in the course of silencing
were similar, with rightward shifts by 15 to 30 min for both and Cdc42 being most effective
in interfering with both. Importantly, silencing of Rac1, RhoA and Cdc42 did not affect
expression at PMs of Band-3, Glut1 and Cav1 (Figure 2d; 800–1800 s) compared to “no-
transfer” (Figure 2d; blue curve) and no-siRNA (Figure 2d; orange curve) control. Together
the data (Figures 1 and 2) imply that the physiological function of transferred GPI-APs
does not depend on their endocytosis.

2.2. Insulin and Antidiabetic SUs Inhibit Both GPI-AP Transfer to and Transfer-Induced Glycogen
Synthesis in Acceptor ELCs

Previous research [30,48] and the above data have demonstrated that the intercellular
transfer of GPI-APs and the accompanying stimulation of anabolic processes (glycogen
and lipid synthesis) in the acceptor cells critically depend on the preservation of the
complete GPI anchor of the GPI-APs, as well as their localization at the PMs of the acceptor
cells. Insulin and the antidiabetic SUs of the 2nd and 3rd generation, glibenclamide and
glimepiride (for the structure of typical representatives, see Supplementary Materials,
Supplementary Figure S2), are known to release GPI-APs from the surface of insulin target
cells, such as primary and cultured adipose and muscle cells, by induction of a GPI-specific
phospholipase C (GPI-PLC), as well as to stimulate glucose transport and utilization, such
as lipid and glycogen synthesis, respectively [22,23,25–27,49–52] (for the concentration-
dependent stimulation of lipid synthesis in human adipocytes by insulin and glimepiride,
see also Supplementary Materials, Supplementary Figure S4a,b). From these data it might
be concluded that both insulin and SUs interfere with the transfer of full-length GPI-APs
from donor to acceptor cells, and the accompanying induction of anabolic processes and
vice versa that the anabolic processes elicited by insulin and SUs are not mediated by
intercellular GPI-AP transfer.

In fact, the presence of insulin (Figure 3a,b) or SUs (Figure 3c,d) during transwell
co-culture led to the concentration-dependent reduction of the transfer of TNAP, CD73 and
AChE from human adipocytes to GPI-deficient ELCs by up to 77% (30 nM insulin) and 61%
(50 µM glimepiride) with the half-maximal inhibition at 2.3 nM and 4.9 µM, respectively.
Importantly, FGF21 (Figure 3a), which exerts anabolic effects in adipocytes [53], as well
as the insulin-releasing drugs meglitinide [54] and tolbutamide [55] (Figure 4c,d), had no
effect on the transfer. Both insulin and SU inhibition of transfer was almost completely
abrogated by an inhibitor of the GPI-PLC, GPI2350 [52] (Figure 3a–d). This argued for the
lipolytic cleavage of the GPI-APs upon exposure of the donor human adipocytes to insulin,
glimepiride and glibenclamide prior to initiation and completion of their transfer, in that
ranking order of decreasing potency, as reflected in the leftward shift of the concentration–
response curve of the former vs. the latter (Figure 3d).



Int. J. Mol. Sci. 2023, 24, 4825 10 of 38

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 38 
 

 

61% (50 μM glimepiride) with the half-maximal inhibition at 2.3 nM and 4.9 μM, respec-

tively. Importantly, FGF21 (Figure 3a), which exerts anabolic effects in adipocytes [53], as 

well as the insulin-releasing drugs meglitinide [54] and tolbutamide [55] (Figure 4c,d), 

had no effect on the transfer. Both insulin and SU inhibition of transfer was almost com-

pletely abrogated by an inhibitor of the GPI-PLC, GPI2350 [52] (Figure 3a–d). This argued 

for the lipolytic cleavage of the GPI-APs upon exposure of the donor human adipocytes 

to insulin, glimepiride and glibenclamide prior to initiation and completion of their trans-

fer, in that ranking order of decreasing potency, as reflected in the leftward shift of the 

concentration–response curve of the former vs. the latter (Figure 3d). 

Remarkably, the transfer of each GPI-AP studied was significantly elevated by glu-

cose at high (5 mM) compared to low (0.1 mM) concentration (as routinely used in the 

transwell co-culture) (Figure 3e,f). This may be explained best by the upregulation of re-

lease from rather than insertion into the PMs of human adipocyte donor and EL acceptor 

cells, respectively. Previous findings have shown that release rather than insertion and 

donor rather than acceptor cells are susceptible towards stimulatory exogenous and en-

dogenous factors, such as hyperglycemia or hyperinsulinemia [56], age or lipid-loading 

[33]. Strikingly, at high glucose, insulin failed to block total GPI-AP transfer (Figure 3e,f). 

At variance, the inhibition of transfer by glimepiride alone or together with insulin was 

maintained at high glucose concentrations (Figure 3e,f) and only tended to be lower com-

pared to low glucose (55.6 vs. 61.3% alone and 76.9 vs. 80.7% with insulin). Apparently, 

at high glucose, glimepiride but not insulin manages to compensate for the increased glu-

cose-dependent release of full-length GPI-APs by the activation of the GPI-PLC and 

thereby to restrict transfer. This can be explained best by the reported failure of high glu-

cose to elicit the desensitization of the GPI-PLC towards stimulation by insulin but not by 

glimepiride [57]. 

 

Figure 3. Inhibition of GPI-AP transfer from human adipocytes to ELCs by insulin and antidiabetic 

SUs. (a,c,e) Transwell co-cultures were run with human donor adipocytes (of lipid-loading stage II) 

or only medium (control no transfer) and GPI-deficient EL acceptor cells in the insert and bottom 

wells, respectively, as described in Section 4. After incubation (1 week, 37 °C) in the absence (control 

transfer) or presence of (a) human insulin (30 nM or 2 nM for half-max.) without or with the GPI-

PLC inhibitor GPI2350 (100 μM) or of human FGF21 (50 nM), (c) tolbutamide (1 mM), glibenclamide 

Figure 3. Inhibition of GPI-AP transfer from human adipocytes to ELCs by insulin and antidiabetic
SUs. (a,c,e) Transwell co-cultures were run with human donor adipocytes (of lipid-loading stage II)
or only medium (control no transfer) and GPI-deficient EL acceptor cells in the insert and bottom
wells, respectively, as described in Section 4. After incubation (1 week, 37 ◦C) in the absence (control
transfer) or presence of (a) human insulin (30 nM or 2 nM for half-max.) without or with the GPI-PLC
inhibitor GPI2350 (100 µM) or of human FGF21 (50 nM), (c) tolbutamide (1 mM), glibenclamide
(20 µM) or glimepiride (20 µM) without or with GPI2350 (100 µM) or of meglitinide (50 µM) and
(e) glucose (5 mM for low glc; 20 mM for high glc) without or with insulin (30 nM) and/or glimepiride
(20 µM), PMs were prepared from the ELCs of the bottom wells, coupled to chips by ionic/covalent
capture and then analyzed for the expression of membrane proteins by SAW sensing, as described
for Figure 1. Phase shifts induced by the binding of antibodies against GPI-APs or transmembrane
proteins and by PI-PLC and TX-100 treatments (700–3200 s) are shown only, omitting the preceding
capturing of PMs (0–700 s). The correction and normalization of the phase shift were performed as
described for Figure 1. Phase shift ∆ between the injection of the first (at 1800 s) and last antibody
against GPI-APs (at 2700 s) are indicated by the horizontal, hatched lines and brackets for the various
incubations. (b,d) The experiments (see a,c) were repeated three to six times with incubations at
increasing concentrations of human insulin (b) or SUs (d) in the absence or presence of GPI2350
(100 µM). Phase shift ∆ induced by antibodies against TNAP, CD73 and AChE (1800–2700 s) were
corrected for those with medium alone in the insert wells (control no transfer) and used for the
calculation of the relative transfer of total GPI-APs with the absence of insulin and SUs, respectively,
set at 100% each. Significant differences between the absence and presence of insulin (b) or SUs
(d) at the various concentrations, as well as between the absence and presence of GPI2350 for
incubations with insulin (b) or glimepiride (d) at each concentration and between glimepiride and
glibenclamide at each concentration (d) are indicated with the black and green symbols (b,d) and
correspondingly colored symbols (d), respectively. (f) The experiments (see e) were repeated four
or six times (distinct co-cultures) for incubations at low (0.1 mM) or high (5 mM) glucose in the
absence (green bars) or presence of insulin (30 nM; red bars), glimepiride (20 µM; turquoise) or insulin
together with glimepiride (grey bars). Phase shift ∆ induced by antibodies against TNAP, CD73
and AChE (1800–2700 s) were corrected for those with medium alone in the insert wells (absence of
insulin and SUs) and used for the calculation of the relative transfer of total GPI-APs (no addition at
low glucose set at 100%). Significant differences between the relative transfer of total GPI-APs at low
or high glucose at each addition are indicated (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).
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Figure 4. Inhibition of transfer-induced glycogen synthesis in ELCs by insulin and antidiabetic SUs.
Transwell co-cultures were run with human donor adipocytes (of lipid-loading stage II) or only
medium ((a,b); control no transfer) and GPI-deficient EL acceptor cells in the insert and bottom wells,
respectively, as described in Section 4. After incubation (1 week, 37 ◦C) in the absence or presence
of increasing concentrations of human insulin (a) or glimepiride, glibenclamide and tolbutamide
(b) without or with GPI-PLC inhibitor GPI2350 at 100 µM (a,b) or (c) in the presence of low (0.1 mM)
or high (5 mM) glucose without or with insulin (30 nM) or glimepiride (20 µM) or insulin together
with glimepiride as indicated, the ELCs in the bottom plate were assayed for glycogen synthesis
(15 min, 37 ◦C, presence of BSA, 0.1 mM [U-14C]glucose) as described in Section 4. The experiments
were repeated four to six times (distinct co-cultures) with the determination of glycogen synthesis
in triplicate. The relative transfer-induced glycogen synthesis in ELCs is given, with the absence
of insulin (a), SUs (b) or both insulin and glimepiride at low glucose (c) set at 100%. Significant
differences between the absence and presence of insulin (a) or SUs (b) at the various concentrations
each are indicated with correspondingly colored symbols. Significant differences between the absence
and presence of GPI2350 for incubations at each concentration of insulin (a) or glimepiride (b) and
between glimepiride and glibenclamide at each concentration (b) are indicated with black and green
symbols, respectively. (c) Significant differences between the various incubations at either low (left
panel) or high glucose (right panel), as well as between low and high glucose in the absence or
presence of insulin or glimepiride, are indicated (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Remarkably, the transfer of each GPI-AP studied was significantly elevated by glucose
at high (5 mM) compared to low (0.1 mM) concentration (as routinely used in the transwell
co-culture) (Figure 3e,f). This may be explained best by the upregulation of release from
rather than insertion into the PMs of human adipocyte donor and EL acceptor cells, respec-
tively. Previous findings have shown that release rather than insertion and donor rather
than acceptor cells are susceptible towards stimulatory exogenous and endogenous factors,
such as hyperglycemia or hyperinsulinemia [56], age or lipid-loading [33]. Strikingly, at
high glucose, insulin failed to block total GPI-AP transfer (Figure 3e,f). At variance, the
inhibition of transfer by glimepiride alone or together with insulin was maintained at
high glucose concentrations (Figure 3e,f) and only tended to be lower compared to low
glucose (55.6 vs. 61.3% alone and 76.9 vs. 80.7% with insulin). Apparently, at high glucose,
glimepiride but not insulin manages to compensate for the increased glucose-dependent
release of full-length GPI-APs by the activation of the GPI-PLC and thereby to restrict
transfer. This can be explained best by the reported failure of high glucose to elicit the
desensitization of the GPI-PLC towards stimulation by insulin but not by glimepiride [57].

To assess whether the inhibition of intercellular GPI-AP transfer by insulin and SUs
leads to impairment of transfer-induced glycogen synthesis, the acceptor ELCs from the
above transwell co-culturing with donor adipocytes (see Figure 3) were incubated with
[U-14C]glucose after the termination of transfer (i.e., removal of the adipocytes). Insulin
(Figure 4a), as well as glimepiride (Figure 4b), did not affect the glycogen synthesis in ELCs
that had been cultured only with medium (control no transfer). This is in agreement with
the complete lack of responsiveness of those cells towards both insulin and glimepiride
(see Supplementary Materials, Supplementary Figure S4c,d).
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The co-culturing of human adipocytes and ELCs in the absence of insulin and SUs led
to 2.5- to 3.1-fold increases in glycogen synthesis (Figure 4a,b) due to the GPI-AP transfer, in
agreement with previous findings [30]. Both insulin (Figure 4a) and glimepiride (Figure 4b)
caused the downregulation of transfer-induced glycogen synthesis in a concentration-
dependent fashion with IC50 of 2.8 nM and 4.3 µM, respectively. Glibenclamide (IC50
of 19.1 µM) was significantly less potent, and tolbutamide was inactive (Figure 4b). As
expected, insulin (Figure 4a), as well as glimepiride (Figure 4b), inhibition of transfer-
induced glycogen synthesis was abrogated by GPI2350, compatible with the inhibition of
insulin- and glimepiride-induced cleavage and transfer of GPI-APs.

Strikingly, glucose at high concentrations present during transfer significantly stim-
ulated transfer-induced glycogen synthesis in ELCs (Figure 4c, right panel), which was
not abrogated by insulin (at variance with low glucose, see left panel). In contrast, it
was impaired by glimepiride alone or in combination with insulin. The reduction by ap-
proximately 60 and 70%, respectively (Figure 4c, right panel), was of a similar degree as
measured for low glucose (see left panel). Together, these findings imply that both insulin
and SUs stimulate the lipolytic release of GPI-APs from the human adipocytes and thereby
prevent their transfer to and induction of transfer-induced glycogen synthesis in the ELCs.

2.3. Insulin and SU inhibition of GPI-AP Transfer and Transfer-Induced Glycogen Synthesis Is
Controlled by Serum

Apparently, the inhibition of GPI-AP transfer to and transfer-induced glycogen syn-
thesis in acceptor cells is provoked by three structurally different signals, insulin and
antidiabetic SUs of the 2nd and 3rd generation, as demonstrated above, and certain serum
proteins, such as GPLD1 and BSA, as has been shown previously [30], and based on two
different molecular mechanisms of interference with GPI-AP transfer, cleavage by insulin-
/SU-dependent GPI-PLC (see above) and interaction with certain serum GPI-binding
proteins [30]. This raised the possibility of the sub-additive, additive or synergistic inhibi-
tion of GPI-AP transfer, as well as transfer-induced glycogen synthesis, in the course of
cooperation of insulin or SUs and serum.

As expected, both insulin alone (Figure 5a,b; no serum) and serum (from obese ZDF
rats) alone without (Figure 5b) or with the Ca2+-chelating agent Pha (Figure 5a,b; no insulin)
decreased the transfer of the GPI-APs studied (Figure 5a; control transfer) by approximately
75% compared to the absence of donor cells (Figure 5a; control no transfer). This indicated
the efficient reduction of the number of GPI-APs competent for transfer in the course of
insulin-induced cleavage or binding to serum proteins, respectively, of the GPI anchors.
Importantly, the serum effects cannot be attributed to insulin, which was certainly left in the
serum samples at considerable concentrations, in particular, in those obtained from obese
rats (see Supplementary Materials, Supplementary Table S2). Firstly, the samples were
considerably diluted resulting in a final assay concentration of rat insulin, which fell below
the insulin sensitivity of even typical insulin target cells, such as adipocytes. Secondly,
the ELCs did not display any insulin responsiveness (see Supplementary Materials, Sup-
plementary Figure S4c) due to the fact of the missing expression of insulin receptors [39].
However, unexpectedly, the combination of insulin and serum (from obese ZDF rats) in the
presence of Pha led to the restoration of the transfer to approximately 70% (Figure 5a,b)
compared to the maximal transfer in the absence of both (Figure 5a, control transfer; b).
Strikingly, in the absence of Pha, the transfer was even further increased to approximately
170% (Figure 5b). The latter indicates that Ca2+ fosters the stimulation of transfer by the
combined action of insulin and serum. This may be due to the weakening of the interaction
between certain serum GPI-binding proteins, such as GPLD1, and full-length GPI-APs,
which has previously been shown to depend on Ca2+ [34].
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Figure 5. Restoration of insulin-inhibited GPI-AP transfer by serum. (a–f) Transwell co-cultures were
run with human donor adipocytes (of lipid-loading stage II) or only medium (only a; control no
transfer) and GPI-deficient EL acceptor cells in the insert and bottom wells, respectively, as described
in Section 4. The co-cultures were incubated (37 ◦C, 5 mM glucose) ((a–d), 1 week; (e,f), increasing
periods of time) in the absence (only (a–c); control transfer) or presence of human insulin (30 nM,
(a–f)) without (a–c,e) or with serum (a,b,e,f, 100 µL; c,d, increasing volumes; see brackets), which
was prepared from lean or obese Wistar, ZF or ZDF rats (a,d,f) or obese ZDF rats (b,c,e) and then
diluted 10-fold with PBS containing 2 mM Pha in the presence of Ca2+ (4 mM) (b), Pha (1 mM)
((a–f,b) as indicated) or PIG41 (100 µM) (c). Thereafter PMs were prepared from the ELCs of the
bottom wells, coupled to chips by ionic/covalent capture and then analyzed for the expression of
membrane proteins by SAW sensing, as described for Figure 1. Phase shifts induced by the binding
of antibodies against TMPs (800–1800 s; only shown for (a)) and GPI-APs (1800–2700 s) and by
subsequent PI-PLC and TX-100 treatments (2700–3200 s) are shown only, omitting the preceding
capturing of the PMs (0–700 s). The serum was left untreated (a–f) or (b) digested with bacterial
PI-PLC (PLC), human GPLD1 (PLD) or proteinase K (PK) or supplemented with α-toxin (αTox)
or antibodies against TNAP, CD73 and AChE (Abs), each coupled to Sepharose beads or phenyl
Sepharose beads (PhSe), as described in Section 4. In addition, BSA (4 mg/mL PBS) was added
instead of serum (b). (a,c,e) Correction and normalization of the phase shift were performed as
described for Figure 1. Phase shift ∆ between the start of injection of anti-TNAP antibody (at 1800 s)
and termination of the injection of anti-AChE antibody (at 2700 s) are indicated by the horizontal,
hatched lines and brackets for each incubation condition. (b) The experiment (see (a)) was repeated
three to five times (distinct co-cultures) and SAW sensing in quadruplicate. Phase shift ∆ induced
by antibodies against TNAP, CD73 and AChE (1800–2700 s) were corrected for medium alone in
the insert wells (see (a); control no transfer) and used for the calculation of the relative transfer of
total GPI-APs in the absence of both insulin and serum (see (a); control transfer) set at 100%, with
biologically relevant significant differences indicated. (c,d) The experiment (see (b)) was repeated
six times (distinct co-cultures) and SAW sensing in triplicate. Phase shift ∆ induced by antibodies
against TNAP, CD73 and AChE (1800–2700 s) were corrected for medium alone in the insert wells
(c) and used for the calculation of the relative insulin-inhibited transfer of total GPI-APs in presence
of serum (d), with differences between the control transfer and transfer left in the presence of insulin
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and absence of serum set at 100%. Significant differences in the volumes (IV50) required for a 50%
reduction of the maximal insulin-inhibited transfer (horizontal, black line) between the different
types of serum are indicated (vertical, colored, and hatched lines). (f) The experiment (see (e)) was
repeated three to six times (distinct co-cultures and SAW sensing in quadruplicate) without and with
serum from rats of different metabolic states in the presence of insulin (30 nM) for increasing transfer
periods. Phase shift ∆ induced by antibodies against TNAP, CD73 and AChE (1800–2700 s) were
corrected for medium alone in the insert wells and used for the calculation of the relative insulin- and
serum-stimulated transfer of total GPI-APs, with the transfer left after two weeks in the presence of
insulin and absence of serum (see (e)) set at 100% for each transfer period. Significant differences vs.
5 min transfer period are indicated for each type of serum by the correspondingly colored symbols, as
well as between obese ZDF and lean ZDF or lean Wistar rats by green or black symbols, respectively
(means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

An explanation for the apparent contradiction that insulin and serum each, per se,
inhibit but in concert stimulate GPI-AP transfer may be that serum GPI-binding proteins,
such as GPLD1 and BSA, act as source of full-length GPI-APs, from which they become
transferred upon their release in response to insulin. This hypothesis was tested by various
pretreatments of serum (from obese ZDF rats) envisaged for the depletion of full-length
GPI-APs (Figure 5b). In fact, the digestion of serum with bacterial PI-PLC, human GPLD1
and proteinase K, which cleave off the GPI anchor and protein moiety, respectively, of
the GPI-APs, as well as the addition of α-toxin or anti-TNAP/CD73/AChE antibodies,
each coupled to Sepharose beads, which bind to the GPI anchor of each and the protein
moiety of individual GPI-APs, respectively, significantly reduced the concerted insulin- and
serum-stimulated transfer of each GPI-AP at varying degrees. Interestingly, pretreatment
of serum with phenyl Sepharose beads, which has previously been demonstrated to bind
to the anchor of detergent-solubilized GPI-APs [58], did not affect the transfer of GPI-APs
(Figure 5b). This is presumably due to the fact of their tight interaction with serum GPI-
binding proteins, which prevents binding of phenyl Sepharose to the GPI anchors and
thereby interference of the beads with insertion of the anchors into the PMs of acceptor
cells (Figure 5b).

BSA has previously been shown to interact with full-length GPI-APs [30]. Nevertheless,
defatted BSA from commercial sources did not substitute for serum in supporting insulin
stimulation of transfer (Figure 5b). This is explained best by those charges of BSA having
lost full-length GPI-APs during the defatting procedures. Together, these data supported the
view that serum (from obese ZDF rats) provides full-length GPI-APs, which are bound to
proteins and apparently released thereof in response to insulin, thereby gaining competence
for transfer to acceptor cells.

In accordance with this explanation, the restoration of the insulin-inhibited GPI-AP
transfer (Figure 5c; insulin no serum) by serum (from obese ZDF rats) (Figure 5c) was
dependent on its volume and reached 50% of the control transfer (absence of insulin and
serum) with 250 µL (Figure 5c,d). Moreover, it was affected by the nature of the serum
(Figure 5a,d), with that from obese ZDF rats being most effective (Figure 5a; to up to 70%
of control transfer), followed by serum from obese ZF, obese Wistar, lean ZDF, lean ZF
and lean Wistar rats in that ranking order of declining efficacy (Figure 5a). This ranking
order was also reflected in the volumes of the different sera required for the half-maximal
restoration of insulin-inhibited transfer (Figure 5d). In fact, the calculation of the IV50
enabled the differentiation between the different metabolic states, except for obese ZDF
and obese ZF rats, as well as obese ZF and obese Wistar rats (Figure 5d). Metabolically
dysregulated rats were chosen since they represent a widely acknowledged animal model
of type II diabetes mimicking the different stages of normoglycemia/insulinemia- to hyper-
glycemia/insulinemia (see Supplementary Materials, Supplementary Table S2 for a detailed
characterization of the metabolic states) along the pathogenesis, driven by both genotype
(Wistar, ZF and ZDF) and feeding (normal and high-fat diet) (for a review, see [59–61]).

The above conclusion that full-length GPI-APs bound to certain serum proteins become
transferred to acceptor ELCs in the course of action of insulin-dependent GPI-PLC at the
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donor adipocytes raised the question concerning the underlying mechanism. Strikingly,
PIG41, which structurally closely resembles the glycan core of human AChE [62,63], in
combination with serum (100 µL, obese ZDF) led to drastically increased transfer (Figure 5c)
compared to insulin combined with serum, which even exceeded the control transfer
(absence of serum and insulin). This suggests that PIG41 causes dissociation of full-length
GPI-APs from serum GPI-binding proteins. Thus, in the transwell co-culture in the presence
of serum, the rate of the intercellular transfer of GPI-APs was determined by the efficacy
of their dissociation from GPI-binding proteins and their amounts, i.e., serum volume
and type. This agrees with previous [30,34] and the above findings (Figure 5b) that only
full-length GPI-APs not bound to serum proteins are competent for transfer.

The transfer in response to the combination of insulin and serum was time dependent
(Figure 5e,f) and detectable after 5 min at the earliest and then for up to two weeks. The
combined insulin- and serum-stimulated transfer (with insulin inhibition for each period
subtracted) was positively correlated to the transfer period (Figure 5f) and dependent on
the type of serum. Serum from obese ZDF and lean Wistar rats was most and least potent,
respectively (Figure 5f). These findings add further evidence that in the presence of insulin
and serum in the transwell co-culture, the full-length GPI-APs that were competent for
transfer most likely originated from serum GPI-binding proteins rather than the donor
adipocytes.

The transfer of full-length GPI-APs upon their dissociation from serum GPI-binding
proteins by either PIG41 or insulin suggests that lipolytically cleaved GPI-APs (PIG-
proteins) released from donor cells by the insulin-/SU-dependent GPI-PLC mediate GPI-AP
transfer from human adipocytes to ELCs during the simultaneous presence of serum and
SUs. As expected, glimepiride or glibenclamide alone (Figure 6a,b; no serum), as well as
serum from obese ZDF rats (without or with Pha; Müller and Müller, unpublished data)
alone (Figure 6c), reduced the transfer by approximately 50% compared to their absence
(Figure 6a,b; control transfer, 6c). The SU inhibition was almost fully abrogated by the
GPLD1 inhibitor GPI2350 (Figure 6c; shown only for glimepiride). This confirmed the
prevention of GPI-APs from transfer by SUs as a consequence of their lipolytic cleavage or
by serum GPI-binding proteins in the course of binding to their GPI anchors.

However, the combination of glimepiride or glibenclamide and serum (from obese
ZDF rats) led to approximately 80 and 90% transfer, respectively, of that in absence of
both SU and serum (Figure 6a,b; control transfer, 6c). The presence of Pha significantly
reduced the combined serum- and glimepiride-induced transfer (Figure 6c). This was
compatible with the above explanation that the absence of Ca2+ interferes with transfer
as a result of the stabilization of the interaction between full-length GPI-APs and serum
GPI-binding proteins.

The possibility that serum GPI-binding proteins act as a source for full-length GPI-
APs that are competent for transfer upon their SU-induced dissociation was investigated.
The digestion of serum (from obese ZDF rats) with bacterial PI-PLC, human GPLD1 or
proteinase K, as well as the addition of combined anti-TNAP/CD73/AChE antibodies or
α-toxin coupled to Sepharose beads, significantly impaired the combined SU- and serum-
induced transfer at variable degrees compared to the untreated serum (Figure 6c). Only
phenyl Sepharose beads had no effect (see Figure 5b). BSA instead of serum did not prevent
glimepiride inhibition of transfer. In conclusion, the data were compatible with full-length
GPI-APs bound to serum GPI-binding proteins becoming competent for transfer upon their
dissociation in response to the glimepiride challenge of donor cells.

The abrogation of the SU inhibition of transfer by serum was dependent on the
metabolic state of the donor rats (Figure 6a,b) and the volume used (Figure 6d). Serum
from obese ZDF rats turned out to be the most effective for both glimepiride (Figure 6a)
and glibenclamide (Figure 6b) inhibition compared to the control transfer (absence of both
SU and serum), followed by obese ZF, obese Wistar, lean ZDF, lean ZF and lean Wistar
rats in that ranking order of declining efficacy. This ranking order was also reflected in the
volumes of the different sera effective in the half-maximal stimulation of transfer (EV50) in
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the presence of glimepiride (Figure 6d), which enabled the differentiation between obese
ZDF and ZF, ZF and Wistar or ZDF and Wistar rats.
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Figure 6. Abrogation of the SU inhibition of GPI-AP transfer by serum. (a–d) Transwell co-cultures
were run with human donor adipocytes (of lipid-loading stage II) or only medium (shown only
for (a,b); control no transfer) and GPI-deficient EL acceptor cells in the insert and bottom wells,
respectively, as described in Section 4. The co-cultures were incubated (1 week, 37 ◦C, 5 mM glucose)
in the absence ((a,b); control transfer) or presence of 30 µM glimepiride (a,d) without or with 100 µM
GPI2350 (c; 2350) or 30 µM glibenclamide (b) or 50 µM meglitinide (c; megl) in the absence ((a,b);
no serum) or presence of 100 µL (a–c) or increasing volumes (d) of serum, which had been prepared
from lean or obese Wistar, ZF or ZDF rats (a,b,d) or obese ZDF rats (c) and then diluted 10-fold
with PBS containing 2 mM Pha, or of 100 µL of BSA (4 mg/mL PBS) in the presence of 4 mM Ca2+

(a–d) or 1 mM Pha (only (c)). PMs were prepared from the ELCs of the bottom wells, coupled to
chips by ionic/covalent capture and then analyzed for the expression of GPI-APs by SAW sensing,
as described for Figure 1. Phase shifts induced by the binding of antibodies against GPI-APs and
subsequent treatments with PI-PLC and TX-100 (1800–3200 s) are shown only, omitting the preceding
capturing of PMs (0–700 s), as well as the binding of antibodies against TMPs (700–1800 s). Serum
samples were left untreated (a,b,d) or (c) digested with bacterial PI-PLC (PLC), human GPLD1 (PLD)
or proteinase K (PK) or supplemented with antibodies against TNAP, CD73 and AChE (Abs) or
α-toxin (αTox), each coupled to Sepharose beads or phenyl Sepharose beads (PhSe) or Pha (1 mM)
prior to addition to the transwell co-cultures. (a,b) Correction and normalization of the phase shift
were performed, as described for Figure 1. Phase shift ∆ between the start of the injection of the
anti-TNAP antibody (at 1800 s) and termination of the injection of anti-AChE antibody (at 2700 s) are
indicated by horizontal, hatched lines and brackets for each incubation condition. (c) The experiment
was repeated four times (distinct co-cultures with SAW sensing in triplicate). Phase shift ∆ induced
by antibodies against TNAP, CD73 and AChE (1800–2700 s) were corrected for medium alone in the
insert wells and used for the calculation of the relative transfer of total GPI-APs, with the absence of



Int. J. Mol. Sci. 2023, 24, 4825 17 of 38

SUs, serum and additives set at 100% (horizontal, black line). Biologically relevant significant
differences are indicated. (d) The experiment (see (a)) was repeated three to five times (distinct
co-cultures with SAW sensing in duplicate) with increasing volumes of sera from rats of different
metabolic states in the presence of 30 µM glimepiride. Phase shift ∆ induced by antibodies against
TNAP, CD73 and AChE (1800–2700 s) were corrected for medium alone in the insert wells and
used for the calculation of the relative serum-stimulated transfer of total GPI-APs in the presence of
glimepiride with the absence and presence of 200 µL serum from obese ZDF rats set at 0 and 100%,
respectively. Significant differences between the volumes (EV50) effective in the 50% stimulation of
glimepiride-inhibited transfer (horizontal, black line) of sera from obese Wistar, ZF and ZDF rats
(vertical, colored, and hatched lines) are indicated (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Next it was investigated whether the abrogation of the insulin and SU inhibition
of GPI-AP transfer by serum is reflected in the stimulation of glycogen synthesis in the
acceptor cells. For this, human adipocytes as donor cells and GPI-deficient ELCs as acceptor
cells were incubated in transwell co-culture in the presence of insulin (Figure 7a,b) or SUs
(Figure 7c,d) without or with serum from rats of different metabolic states (Figure 7b,d),
which had been pretreated to get rid of (full-length) GPI-APs (Figure 7a,c). The assaying of
the ELCs for basal glycogen synthesis (5 mM glucose) revealed that serum (from obese ZDF
rats), insulin and glimepiride each alone and independent of the absence or presence of Pha
(Müller and Müller, unpublished results) did not exert any significant effect (Figure 7a,c).
However, either insulin or glimepiride or glibenclamide but not tolbutamide or meglitinide
in combination with serum significantly stimulated glycogen synthesis in that ranking
order of declining potency. These effects were considerably diminished by Pha. Lipolytic
and proteolytic pretreatments of the serum, as well as α-toxin Sepharose beads, completely
blocked serum-stimulated glycogen synthesis in the presence of either insulin (Figure 7a)
or glimepiride (Figure 7c). Strikingly, antibodies against TNAP, CD73 and AChE coupled to
Sepharose beads had no impact. BSA did not substitute for serum in stimulating glycogen
synthesis (Figure 7a,c). Thus, the positive correlation between the upregulation of GPI-AP
transfer (see Figures 5 and 6) and glycogen synthesis in ELCs (see Figure 7a,c) in the course
of the combined challenge of donor cells with serum and either insulin or glimepiride is
compatible with full-length GPI-APs, which are not identical with TNAP, CD73 and AChE,
mediating the upregulation of basal glycogen synthesis upon their dissociation from serum
GPI-binding proteins, which are not identical with albumin, and subsequent transfer to the
PMs of the acceptor cells.

Subsequent analysis of the volume dependence for sera from rats of different metabolic
state in stimulating glycogen synthesis in acceptor ELCs in the presence of either insulin
(Figure 7b) or glimepiride (Figure 7d) revealed identical rankings, i.e., obese ZDF, obese
ZF, obese Wistar, lean ZDF, lean ZF, lean Wistar, in that order of decreasing potency, which
were identical to those for serum stimulation of GPI-AP transfer in the presence of insulin
(Figure 5) or glimepiride (Figure 6).

2.4. Full-Length GPI-APs Displaced from Serum Proteins by PIG(-Proteins) Are Transferred to
and Stimulate Glycogen Synthesis in Acceptor Cells

The above experiments revealed that serum from obese ZDF rats added to the transwell
co-culture abrogates insulin and SU inhibition of GPI-AP transfer (Figure 6), as well as
glycogen synthesis in ELCs (Figure 7). These findings led to the hypothesis that full-
length GPI-APs bound to serum GPI-binding proteins become displaced by PIG-proteins,
lipolytically cleaved off from full-length GPI-APs of donor cells in response to insulin or
SUs. Consequently, serum from rats of different metabolic state was assayed for binding of
full-length GPI-APs and their displacement by PIGs or lipolytically cleaved GPI-APs (PIG-
proteins). GPLD1 has been identified so far as the only serum protein that interacts with
full-length GPI-APs [34]. Experimental demonstration of the interaction was favored by
the presence of Pha, which inhibits the Ca2+-dependent lipolytic activity of GPLD1 [31,32].
Therefore, sera from rats of different metabolic states were studied for the expression of
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GPLD1 and its interaction with as well as displacement by PIG(-proteins) of GPI-APs
(Figure 8).
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2.4. Full-Length GPI-APs Displaced from Serum Proteins by PIG(-Proteins) Are Transferred to 

and Stimulate Glycogen Synthesis in Acceptor Cells 

The above experiments revealed that serum from obese ZDF rats added to the 

transwell co-culture abrogates insulin and SU inhibition of GPI-AP transfer (Figure 6), as 

well as glycogen synthesis in ELCs (Figure 7). These findings led to the hypothesis that 

full-length GPI-APs bound to serum GPI-binding proteins become displaced by PIG-pro-

teins, lipolytically cleaved off from full-length GPI-APs of donor cells in response to 

Figure 7. Stimulation of glycogen synthesis in ELCs by GPI-AP transfer in the simultaneous presence
of serum and either insulin or SUs. (a,c) Human donor adipocytes (of lipid-loading stage II) were
incubated (1 week, 37 ◦C, 5 mM glucose) with GPI-deficient EL acceptor cells in the insert and bottom
wells, respectively, of transwell co-cultures in the absence or presence of human insulin (30 nM),
meglitinide (megl, 50 µM), tolbutamide (tolb, 1 mM), glibenclamide (glib, 30 µM) and glimepiride
(glim, 30 µM) without or with 200 µL serum, which were prepared from obese ZDF rats and then
diluted 10-fold with PBS containing 2 mM Pha, or BSA (4 mg/mL PBS) in the presence of 4 mM
Ca2+ or 1 mM Pha, as indicated (a,c). The serum was left untreated or digested with bacterial PI-PLC
(PLC), human GPLD1 (PLD) or proteinase K (PK) or supplemented with α-toxin (αTox) or antibodies
against TNAP, CD73 and AChE (Abs), each coupled to Sepharose beads or phenyl Sepharose beads
(PhSe) prior to addition to the transwell co-cultures. (b,d) The transwell co-cultures were run as
above without or with increasing volumes of untreated serum, which were prepared from lean or
obese Wistar, ZF or ZDF rats under the inclusion of Pha (2 mM), in the presence of insulin (30 nM)
(b) or glimepiride (30 µM) (d). Thereafter, the ELCs in the bottom plate were assayed for glycogen
synthesis (15 min, 37 ◦C, presence of BSA, 0.1 mM [U-14C]glucose), as described in Section 4. The
transwell co-cultures were repeated three to five times (distinct co-cultures) with determination of
glycogen synthesis in triplicate. (a,c) The relative glycogen synthesis is given with the absence of
serum and insulin (a) or SUs (c) set at 100% (horizontal, black lines). Significant differences are
indicated. (b,d) The relative serum-stimulated glycogen synthesis in the presence of either insulin
(b) or glimepiride is given, with the absence and presence of serum (250 and 200 µL, respectively)
from obese ZDF rats set at 0 and 100%, respectively. Serum volumes (EV25) effective in the 25%
stimulation of glycogen synthesis (horizontal, black lines) in the presence of either insulin (b) or
glimepiride (d) are indicated by the vertical, hatched, and colored lines. Significant differences
between EV25 for sera from rats of different metabolic states are indicated (means ± SD; * p ≤ 0.01,
# p ≤ 0.02, § p ≤ 0.05).
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Figure 8. Binding to and displacement by PIGs from GPLD1 of full-length GPI-APs of serum from
metabolically dysregulated rats. (a) After the covalent immobilization of protein A onto EDC/NHS-
activated chips (0–300 s) and subsequent blockade of unreacted carboxyl groups by ethanolamine
(EtNH2) (300–400 s), monoclonal anti-GPLD1 antibody (blue, yellow, brown and turquoise curves) or
IgG (green curve) was injected into the chip channels. Following the washing of the chips (600–700 s),
serum (200 µL, prepared from obese ZDF rats and then diluted 10-fold with PBS containing 2 mM
Pha), which was pretreated with bacterial PI-PLC (0.2 mU/mL, brown curve) or remained untreated
(blue, yellow, turquoise and green curves), or buffer (red curve) was injected (700–900 s) at a flow
rate of 60 µL/min in the absence (turquoise curve) or presence of 1 mM Pha (all other curves) or
30 µM PIG41 (yellow curve). After washing of the channels with buffer (900–1000 s) at a flow rate
of 200 µL/min and then with α-toxin (30 µg/mL, 1000–1200 s), anti-CD55 (1200–1500 s), CD59
(1500–1800 s), TNAP (1800–2100 s), AChE (2100–2400 s) and CD73 (2400–2700 s) antibodies (at the
dilutions given in Supplementary Materials, Materials) were injected successively at a flow rate
of 15 µL/min. After the injection of 30 µM PIG41 (2700–2850 s) together with 4 mM Ca2+ and
then 0.2% TX-100 (2850–3000 s) at a flow rate of 45 µL/min, polyclonal anti-GPLD1 antibody was
finally injected (3000–3300 s) at a flow rate of 15 µL/min. The experiment was repeated two times
(distinct chips) with similar results (representative shown). Phase shift is given upon correction for
unspecific interaction of serum components (“mock” channel lacking protein A) and altered viscosity
(vs. buffer) of the sample fluid and normalization for the varying efficiencies of distinct chips for
capture of protein A. (b) The experiment was performed as described (see (a), blue curve; chips with
immobilized anti-GPLD1, absence of PIG41) using untreated sera prepared from rats of different
metabolic states and diluted with PBS containing 2 mM Pha) as indicated and repeated four to six
times (distinct chips with four injections per incubation) with similar results (representative shown).
The measured phase shift was corrected (see (a)) and is only shown from the start of serum (700 s) to
the end of TX-100 injection (3000 s). Phase shift increases induced by serum, α-toxin and antibodies
(700–2700 s) are indicated for each type of serum (horizontal, hatched lines and brackets). (c) The
experiment was repeated (see (b)) three to five times (distinct chips with four to six injections per
incubation) with increasing volumes (i.e., adjusting the flow rate from 15 to 75 µL/min to cover
50–250 µL and from 30 to 75 µL/min to cover 10–25 µL) of the untreated sera (diluted 1:10 and 1:100
with PBS containing 2 mM Pha, respectively) from rats of different metabolic states as indicated. The
relative amounts of GPLD1 with interacting GPI-APs, as reflected in the sum of the serum-, α-toxin-
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and antibody-induced phase shift increases (see (b); 700–2700 s), are given, with the absence (200 µL
of buffer; see a, red curve) and presence of serum (200 µL from obese ZDF rats; see a,b, blue curves)
set at 0 and 100%, respectively. Serum volumes (EV50) effective in the 50% increase in the relative
amounts of GPLD1 interacting with GPI-APs (as shown by the horizontal, black line) are indicated
by the vertical, hatched, and colored lines. Significant differences between EV50 of sera from rats
of different metabolic states are indicated. (d) The experiment was performed as described (see
(a); chips with immobilized anti-GPLD1) with untreated serum, prepared from obese ZDF rats and
diluted with PBS containing Pha, and subsequent injection of PIG41, 37, 45, 7 and 1 (30 µM) or buffer
together with Ca2+ (4 mM) (blue curve) and repeated once (distinct chips with four channels per
incubation) with similar results (representative shown). The measured phase shift was corrected (see
(a)) and is only shown from the start of the last antibody (2400 s) to the end of the TX-100 injection
(3000 s). PIG-induced phase shift decreases (2600–2800 s) are indicated (horizontal, hatched lines and
brackets). (e,f) The experiment was repeated (see (d)) four to six times (distinct chips with four to
eight channels per incubation) using increasing concentrations of PIGs together with Ca2+ (4 mM)
and with serum (200 µL) from obese ZDF (e) and lean ZF rats (f). The relative dissociation of GPLD1
and GPI-APs by PIGs, as reflected in the PIG-induced phase shifts (2600–2800 s), is given with the
absence and presence of 30 (e) or 100 µM PIG41 (f) set at 0 and 100%, respectively. The concentrations
of PIGs effective in the 50% increase in dissociation (EC50; shown by horizontal, black lines) are
indicated by the vertical, hatched, and colored lines. Significant differences between EC50 of the
different PIGs are indicated (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

For this, SAW chips were generated with protein A being covalently coupled to
the gold surface and a monoclonal antibody against rodent GPLD1 subsequently being
immobilized at their channels (Figure 8a). Both steps (0–400 and 400–700 s, respectively)
were monitored by considerable increases in phase shift. The injection of serum from
obese ZDF rats (700–900 s) together with Pha (Figure 8a; blue curve) but not without Pha
(turquoise curve) caused the additional upregulation of phase shift vs. buffer (red curve) in
the anti-GPLD1 antibody (blue curve) but not the anti-IgG control (green curve) channel.
Phase shift was further elevated by the injection of α-toxin (1000–1200 s), as well as anti-
CD55 (1200–1500 s), CD59 (1500–1800 s), TNAP (1800–2100 s) and CD73 (2400–2700 s), but
not AChE antibodies (2100–2400 s) in a successive fashion (Figure 8a). This is compatible
with binding to rather than cleavage by rat serum GPLD1 of GPI-APs in the absence of
Ca2+, among them CD55, CD59, TNAP and CD73, which all represent minor constituents
of rat serum [3,4,13].

The approximately 50% decreases of the α-toxin- and multiple-antibody-induced
phase shifts following PIG41 and TX-100 injections (Figure 8a; blue curve) argued for
the involvement of the GPI anchor glycan core and micelle-like complexes constituted by
GPI-APs, cholesterol and (lyso)phospholipids [33,64], respectively, in the recognition of
GPI-APs by GPLD1. The former hypothesis was confirmed by co-injection of PIG41 and
serum or pretreatment of serum with bacterial PI-PLC (700–900 s), which both led to an
approximately 50% reduction of the serum-, α-toxin- and antibody-induced phase shift
increases (Figure 8a, yellow and brown curves, respectively). This hints to the critical role of
the full-length GPI anchor for the interaction of GPLD1 and GPI-APs. Again, the remaining
phase shift increase is explained best by only partial deacylation of the myo-inositol residue
of the GPI anchor of the GPI-APs expressed in human ELCs, which is a prerequisite for
their cleavage by bacterial PI-PLC (see above). The considerable increases in phase shift
upon the final injection of a polyclonal antibody cross-reactive for human and rat GPLD1
in all channels, except for those with no GPLD1 or serum injected (Figure 9a; green and red
curves, respectively), confirmed the capture of GPLD1 from the serum of obese ZDF rats.
Taken together, SAW sensing using chips with immobilized anti-GPLD1 antibody can be
used for the analysis of the interaction of full-length GPI-APs and GPLD1 in rat serum and
their displacement by PIGs.
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Figure 9. Transfer to ELCs of GPI-APs released from serum GPI-binding proteins of metabolically
dysregulated rats by PIGs. (a–f) GPI-deficient EL acceptor cells were incubated (1 week, 37 ◦C,
5 mM glucose, 1 mM Ca2+) in the bottom wells of transwell co-cultures with 200 µL buffer (a) or
serum (a,c,e,f, 200 µL; b,d, increasing volumes), which were prepared from obese ZDF rats (a,b,e,f) or
rats of different metabolic states (c,d), then diluted 10-fold with PBS lacking ((a), as indicated) or
containing 2 mM Pha (a–f) and thereafter left untreated ((a), as indicated; b–f) or incubated with
proteinase K (PK), bacterial PI-PLC (PLC), α-toxin coupled to Sepharose beads (α-toxin) (a), 30 µM
PIG41 (a–d) or different PIGs ((e), 30 µM; f, increasing concentrations). Thereafter, the ELCs were
washed thoroughly by rinsing the bottom wells three times with 2 mL each of 20 mM Tris/HCl, 1.5 M
NaCl and then two times with 2 mL each of PBS. Subsequently, PMs were prepared from the ELCs,
coupled to chips by ionic/covalent capture (0–200 s), as described in Section 4, and then analyzed for
expression of GPI-APs by SAW sensing. As a control, 200 µL serum from obese ZDF rats instead of
PMs were injected into the chips (0–200 s) at a flow rate of 60 µL/min ((a) only, brown curve). After
washing of the channels with buffer (200–300 s) at a flow rate of 200 µL/min, α-toxin (30 µg/mL,
300–500 s), anti-CD55 (500–800 s), CD59 (800–1100 s), TNAP (1100–1400 s), AChE (1400–1700 s) and
CD73 (1700–1950 s) antibodies (at the dilutions given in Supplementary Materials, Materials) were
injected successively at a flow rate of 15 µL/min, followed by 30 µM PIG41 (1950–2150 s, shown only
for (a)) and then 0.2% TX-100 (2150–2300 s, shown only for (a)) at a flow rate of 45 µL/min. Measured
phase shifts were corrected and normalized as described for Figure 1 (a) or by subtraction of the
control (see (a), serum instead of PM, brown curve) values (b,c,e). (a,c) Phase shift ∆ between the
start of the α-toxin (300 s) and termination of the anti-CD73 antibody (1950 s) injection indicated by
the horizontal, hatched lines ((a) only) are given by brackets. (b,e) Brackets indicate the difference
between the total phase shift induced by α-toxin and all antibodies for each incubation condition
and a control phase shift induced by pretreatment of 200 µL serum with PIG41 and bacterial PI-
PLC (blue and black curves). (d,f) The experiments (see (c,e), respectively) were repeated (four or
six incubations and distinct chips with four channels per incubation) using increasing volumes of
untreated serum from rats of different metabolic states (d) or increasing concentrations of different
PIGs (f). The relative stimulation of PIG- ((d), 30 µM PIG41) and serum- ((f), 250 µL, obese ZDF rats)
dependent transfer of total GPI-APs, as reflected in the α-toxin- and antibody-induced phase shifts,
are calculated with the absence and presence of 250 µL serum from obese ZDF rats set at 0 and 100%,
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respectively, (d) or absence of PIGs set at 100% (f). Significant differences between the volumes
effective in the 25% stimulation (EV25, (d)) or concentrations effective in 15% stimulation (EC15, (f)) of
transfer (horizontal black lines) by the different sera (d) and PIGs (f), respectively, are indicated
(vertical, colored, and hatched lines) (means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Under these conditions, the serum-, α-toxin- and anti-CD55-, CD59-, TNAP- and
CD73-induced phase shift increases were most pronounced for serum from obese ZDF rats,
followed by obese ZF, Wistar rats, lean ZDF, ZF rats and, lastly, lean Wistar rats (Figure 8b).
The relative amounts of GPLD1 and interacting full-length GPI-APs contained in serum
were determined with increasing serum volumes and the calculation of the EV50 for the
half-maximal phase shift increases for each serum (Figure 8c). The lowest EV50 for obese
ZDF rats was indicative of the highest amount of both serum GPLD1 and interacting
full-length GPI-APs, including CD55, CD59, TNAP and CD73, but not AChE, which was
followed by those for obese ZF, obese Wistar, lean ZDF, lean ZF and, finally, lean Wistar
rats in that ranking order of declining amounts.

The analysis of the potency of structurally different PIGs (for structural details, see
Supplementary Materials, Supplementary Figure S5) in displacing GPI-APs (here CD73)
from serum GPLD1 (here from obese ZDF rats) revealed that PIG41 was the most efficient,
followed by PIG37, PIG45, PIG7 and, lastly, PIG1, in that ranking order of decreasing
potency (Figure 8d). The EC50 of the PIGs for the half-maximal displacement of full-length
GPI-APs from the serum GPLD1 of obese ZDF (Figure 8e) and lean ZF rats (Figure 8f) were
the lowest for PIG41 and then increased with PIG37, PIG45, PIG7 and, lastly, PIG1.

The findings that full-length GPI-APs become displaced from serum GPLD1 and
presumably other GPI-binding proteins by PIGs raised the possibility of their transfer
to acceptor cells upon incubation with serum and PIGs. To test for this, the numbers
of GPI-APs expressed at the PMs that had been prepared from the intensively washed
acceptor ELCs were measured by chip-based SAW sensing with α-toxin and anti-CD55,
CD59, TNAP, AChE and CD73 antibodies.

The PMs from GPI-deficient ELCs incubated with serum from obese ZDF rats (Figure 9a,
turquoise curve) compared to its absence (Figure 9a, olive green curve) expressed consider-
ably elevated amounts of total and individual GPI-APs, as reflected in the corresponding
successive α-toxin- and anti-CD55, CD59, TNAP and CD73 antibody-induced phase shift
increases, respectively. These were further upregulated by the presence of Pha during
serum preparation (Figure 9a, dark green curve), PIG41 during serum injection (Figure 9a,
black curve) and Pha and PIG41 in combination (Figure 9a, blue curve) in that ranking
order of increasing efficacy. This demonstrates the transfer of CD55, CD59, TNAP and
CD73 but not AChE from the serum proteins to the ELCs. The transfer was most efficient
during the (i) inhibition of serum GPLD1 and concomitant stabilization of the interaction
between serum GPI-binding proteins and GPI-APs by Ca2+-removal (i.e., Pha) during
serum preparation, (ii) its destabilization by Ca2+ (i.e., absence of Pha) during serum in-
jection and (iii) displacement of the GPI-APs from the serum GPI-binding proteins by
PIG41 during serum injection. Phase shift increases by captured PMs, per se, did not vary
significantly under either condition (Figure 9a; 0–300 s). This is compatible with only subtle
mass loading onto the chip due to the transfer of GPI-APs and excludes unspecific binding
of serum proteins to the PMs. Unspecific binding of serum proteins to the chip channels
was assessed by the injection of serum into the chips lacking captured PMs and accounted
for only 14 to 17% of the α-toxin- and antibody-induced phase shifts (Figure 9a, brown
curve). Nevertheless, the accompanying minor successive phase shift increases confirmed
the apparent interaction of serum GPI-binding proteins with GPI-APs, in general, and
CD55, CD59, TNAP and CD73 but not AChE, in particular (see Figure 8a,b).

The specificity of the transfer of GPI-APs was corroborated by drastic decreases in α-
toxin- and anti-GPI-AP antibody-induced phase shifts upon injection of α-toxin Sepharose
beads together with the serum (Figure 9a, yellow curve). Presumably, the beads specifically
bound to the GPI glycan core via α-toxin interfered with the insertion of the GPI anchor into
the PMs. Pretreatment of the serum with proteinase K (Figure 9a, grey curve) and bacterial
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PI-PLC (Figure 9a, red curve) led to similar phase shift decreases. The latter condition
was used as a background control for the following experiments (Figure 9b,e; blue and
black curves).

Importantly, the injection of PIG41 led to reductions of the phase shift increases
for each incubation condition (Figure 9a, 1950–2150 s), which thereby compensated the
corresponding α-toxin-induced increases (300–500 s). Furthermore, the final injection of
TX-100 caused the complete loss of the remaining phase shift increases for each incubation
condition (Figure 9a, 2150–2300 s), compatible with the transfer of full-length GPI-APs to
the PMs of the GPI-deficient ELCs.

The transfer of GPI-APs from serum to ELCs was strictly dependent on its volume
(Figure 9b) and type, i.e., metabolic state of the rats (Figure 9c). The calculation of the
volumes effective in stimulating PIG-dependent transfer of GPI-APs by 25% (EV25) revealed
the following ranking of increasing EV25 and, thus, declining potency: Obese ZDF > ZF
> Wistar > lean ZDF > ZF > Wistar rats (Figure 9d). Furthermore, stimulation of transfer
by the combination of serum and PIGs compared to serum alone was strictly dependent
on the structure of the PIGs (Figure 9e). The calculation of their concentrations effective in
stimulating serum-dependent GPI-AP transfer by 15% (EC15) demonstrated the following
ranking order of increasing EC15 and, thus, declining potency: PIG41 > 37 > 45 > 7 > 1
(Figure 9f). Taken together, these results strongly argue for the transfer of full-length
GPI-APs from rat serum GPI-binding proteins, preferably from those of metabolically
dysregulated obese ZDF rats, to GPI-deficient ELCs upon their PIG-induced dissociation.

These data raised the possibility that glycogen synthesis is stimulated in ELCs upon
exposure to serum GPI-binding proteins with bound full-length GPI-APs under conditions
that induce their dissociation. The GPI-deficient ELCs incubated with serum from obese
ZDF rats (in the presence of Ca2+) caused significant stimulation of glycogen synthesis,
which was further increased by the presence of Pha during the preparation of the serum,
presence of PIG41 and, most potently, by these two conditions in combination (Figure 10a).
The elevated glycogen synthesis was reduced by the presence of α-toxin Sepharose beads
during the incubation of the serum with the cells, or pretreatment of the serum with
bacterial PI-PLC or proteinase K in that ranking order of increasing efficacy. In contrast,
anti-CD55, CD59, TNAP, CD73 and AChE antibody Sepharose beads or phenyl Sepharose
beads present during the incubation of the serum with the cells (in the presence of Ca2+)
did not compromise the stimulation of glycogen synthesis by PIG41 combined with serum,
which was prepared in the presence of Pha. Finally, BSA failed to substitute for serum
in upregulating glycogen synthesis in ELCs in the presence of PIG41 (Figure 10a). This
is explained best with the stimulation of glycogen synthesis in GPI-deficient ELCs in the
course of the transfer of full-length GPI-APs to their PMs from serum GPI-binding proteins.
However, transferred CD55, CD59, TNAP, CD73 and AChE apparently have no effect
on glycogen synthesis. Importantly, glycogen synthesis stimulation was fostered most
efficiently by the inhibition of serum GPLD1 in parallel to the stabilization of the interaction
between serum GPI-binding proteins and GPI-APs by the chelating of Ca2+ during the
serum preparation in combination with the efficient displacement of the GPI-APs from
the serum GPI-binding proteins by PIG41 during serum injection in the presence of Ca2+

(Figure 10a).
The stimulation of glycogen synthesis by PIG41 and serum GPI-binding proteins was

strictly dependent on the type of serum and its volume (Figure 10b). The calculation of the
volumes effective in stimulating PIG-dependent glycogen synthesis by 25% (EV25) revealed
the following ranking order of increasing EV25 and, thus, declining potency of the sera:
obese ZDF, obese ZF, obese Wistar, lean ZDF, lean ZF and lean Wistar rats (Figure 10b).

Furthermore, the stimulation of the serum-dependent glycogen synthesis by PIGs was
strictly dependent on their structure (Figure 10c). The calculation of the concentrations of
PIGs effective in stimulating serum-dependent glycogen synthesis by 20% (EV20) demon-
strated the following ranking order of increasing EC20 and, thus, declining potency: PIG41,
-37, -45, -7 and -1 (Figure 10c). Taken together, these data strongly argue for the stimulation
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of glycogen synthesis in GPI-deficient ELCs upon transfer of full-length GPI-APs from
rat serum GPI-binding proteins, preferably from those of metabolically dysregulated rats,
upon their PIG-induced displacement.
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Figure 10. Stimulation of glycogen synthesis in ELCs by PIGs and serum GPI-binding proteins of
metabolically dysregulated rats. (a–c) GPI-deficient EL acceptor cells were incubated (1 week, 37 ◦C,
5 mM glucose, 1 mM Ca2+) in the bottom wells of transwell co-cultures with 200 µL buffer (a,b) or
serum ((a,c), 200 µL; b, increasing volumes), prepared from obese ZDF rats (a,c) or rats of different
metabolic states (b) and then diluted 10-fold with PBS lacking ((a), as indicated) or containing 2 mM
Pha (a–c), which were left untreated ((a), as indicated; b,c) or incubated with proteinase K (PK),
bacterial PI-PLC (PLC), α-toxin (α-toxin), anti-CD55, CD59, TNAP and CD73 antibodies (Abs), each
coupled to Sepharose beads, phenyl Sepharose beads (PhSe) or 200 µL of BSA (4 mg/mL) (a), in
the absence ((a), as indicated) or presence of PIG41 ((a,b), 30 µM; c, increasing concentrations) or
different PIGs (c). Thereafter, the ELCs were washed intensely by rinsing the bottom wells three
times with 2 mL each of 20 mM Tris/HCl, 1.5 M NaCl and then two times with 2 mL each of PBS and
subsequently assayed for glycogen synthesis (15 min, 37 ◦C, presence of BSA, 0.1 mM [U-14C]glucose)
as described in Section 4. The experiment was repeated five to seven times (distinct incubations)
with determination of glycogen synthesis in triplicate or quadruplicate. (a) The relative stimulation
of glycogen synthesis by serum and PIG41 in the presence of Pha or other additives is given with
incubation with buffer only set at 100%. (b,c) The relative stimulation of PIG41- (b) or serum (from
obese ZDF rats)- (c) dependent glycogen synthesis by serum from metabolically different rats (b) or
by different PIGs (c), respectively, is shown with the absence and presence of serum set at 0 and 100%
(b) or the absence of PIGs set at 100% (c). Significant differences are indicated between the relative
stimulations of glycogen synthesis under the various incubation conditions (a) or between the serum
volumes effective in 25% (EV25, (b)) or PIG concentrations effective in 20% (EC20, (c)) stimulation
of glycogen synthesis (horizontal, black lines), as indicated by vertical, hatched, and colored lines
(means ± SD; * p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

3. Discussion

The major aim of this study was to corroborate a causal relationship between the
transfer of full-length GPI-APs to and the induction of anabolic effects in acceptor cells and,
in addition, to identify intrinsic and/or extrinsic modulators of GPI-AP transfer, which
may hint to its (patho)physiological relevance.

3.1. Residence at PMs of Transferred GPI-APs as a Prerequisite for the Induction of
Anabolic Effects

First, the kinetics of residence at and disappearance from the PMs of acceptor cells of
transferred GPI-APs were compared with the time course of the stimulation of glycogen
synthesis (Figures 1 and 2). Transwell co-cultures of human donor adipocytes with GPI-
deficient EL acceptor cells under normal conditions (Figure 1) or blockade of internalization
of the transferred GPI-APs by chemical inhibitors (Figure 2a–c) or siRNAs (Figure 2d–f)
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revealed positive correlations between the amount of GPI-APs at PMs of the acceptor cells
and the rate of their glycogen synthesis. This strongly argued for a mechanistic link of
transfer of GPI-APs to and induction of anabolic effects in acceptor cells, at least under
conditions of a low or missing expression of endogenous GPI-APs. The kinetics of the
internalization of the transferred GPI-APs seem to be comparable to that of endogenously
expressed counterparts in wild-type cells [43,47,65,66]. Thus, internalization of GPI-APs
at acceptor cells may lead to underestimation of the rate of GPI-AP transfer and even
mask it in case of the high “background” of endogenously expressed GPI-APs in wild-type
cells. The use of GPI-deficient acceptor cells and SAW sensing, with its exquisite sensitivity,
helped to overcome this issue. Alternative pulse-chase experiments with wild-type acceptor
cells and radiolabeled transferred GPI-APs are more complex regarding the design and
difficult to interpret due to the unknown pool sizes of the endogenous GPI-APs.

Interestingly, the transfer of GPI-APs to GPI-deficient ELCs significantly increases the
glucose sensitivity of the glycogen synthesis machinery and thereby enables the consider-
able accumulation of glycogen at a blood glucose concentration at the basal state (5 mM)
in the absence of typical stimuli of glucose metabolism, such as insulin or antidiabetic
SUs. In fact, ELCs do not respond at all to insulin, glimepiride or glibenclamide (see
Supplementary Materials, Supplementary Figure S4c,d), most likely due to the fact of the
missing expression of the insulin receptor and lipid rafts, respectively, as has already been
demonstrated (see [39] and below) and/or the insulin-/SU-dependent GPI-PLC.

3.2. “Indirect” Transfer of GPI-APs and Its Control by Insulin and SUs

Insulin and the antidiabetic SUs, glimepiride and glibenclamide, were found to in-
terfere with the transfer of GPI-APs from human donor adipocytes to GPI-deficient EL
acceptor cells in a concentration-dependent fashion at physiological and pharmacological
concentrations, respectively (Figure 3), and concomitantly with transfer-induced glycogen
synthesis (Figure 4). Both insulin and SU inhibition of GPI-AP transfer are most likely due
to the induction of lipolytic cleavage of full-length GPI-APs at PMs of the donor adipocytes
by insulin-/SU-dependent GPI-PLC. Its activation has previously been demonstrated to be
more pronounced with insulin than glimepiride and, lastly, glibenclamide [67,68], which
corresponds well to their ranking of the inhibition of GPI-AP transfer and transfer-induced
glycogen synthesis.

Unexpectedly, both insulin and SU inhibition were found to be abrogated by serum
added to the transwell co-culture (Figures 5–7). Previously, the inhibition of GPI-AP transfer
and transfer-induced glycogen synthesis by serum, per se, has been reported [30]. Thus, the
observation of the considerable transfer (Figures 5 and 6) and transfer-induced glycogen
synthesis (Figure 7) in the presence of insulin or SU together with serum seems to be
curious, since each of these factors causes inhibition if assayed alone. Serum from obese
ZDF rats, which display the most pronounced dysregulation of their metabolic state (see
Supplementary Materials, Supplementary Table S2), was the most effective compared to
sera from metabolically less dysfunctional rats.

Pretreatment of the serum demonstrated that the full-length GPI-APs that are trans-
ferred to (Figure 7) and induced glycogen synthesis (Figure 8) in the acceptor cells in the
simultaneous presence of serum and insulin or SUs do originate from serum proteins
loaded with full-length GPI-APs, so-called serum GPI-binding proteins, rather than from
the donor adipocytes. These findings prompted to differentiate between an “indirect”
mode of transfer, with GPI-APs originating from serum GPI-binding proteins with loaded
full-length GPI-APs, as assayed by transwell co-culturing in the presence of serum from
metabolically deranged rats, and a “direct” mode, with GPI-APs derived from donor cells,
as assayed without serum or in the presence of serum from normal rats. Thus, the “indirect”
transfer critically depends on the metabolic state of the tissue/organism rather than on
the release of full-length GPI-APs from the PMs of donor cells and tissues. So far, serum
GPLD1 has been identified as the only GPI-binding protein in serum (Figure 8a) and found
to be most abundant and/or pronouncedly loaded with GPI-APs in serum from metabol-
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ically dysregulated rats (Figure 8b,c). Recent experimental evidence has suggested that,
in addition to GPLD1, certain Ca2+-dependent and -independent serum proteins operate
as binding entities for full-length, as well as lipolytically cleaved, GPI-APs through the
recognition of their highly conserved GPI glycan core [34]. Conversely, the inhibitory
potency of serum alone on the transfer of GPI-APs, caused by their Ca2+-dependent inter-
action with the GPI-binding proteins and the resulting prevention from insertion into the
acceptor cell PMs, is not significantly affected by the metabolic state (Figure 5). Therefore
it is tempting to speculate that only a minor portion of the binding sites of the serum
GPI-binding proteins is occupied by (full-length) GPI-APs, provided the levels of insulin
or SUs are rather low and concomitantly the rate of release of full-length GPI-APs from
PMs in that organism is not very high, i.e., in the case of a normal or only moderately
deranged metabolic state. In conclusion, rat serum GPI-binding proteins seem to operate
as both donors and acceptors for full-length GPI-APs that are destined for or prevented
from transfer, respectively, depending on the metabolic state.

This raised the question concerning the mechanism of integration of the signals elicited
by insulin, SUs and the metabolic state for the differential operation of serum GPI-binding
proteins as donors and acceptors of full-length GPI-APs and, in consequence, for the (patho-
physiological) control of the “indirect” mode of GPI-AP transfer. A crucial finding was
the concentration-dependent displacement of serum full-length GPI-APs from GPLD1 by
synthetic PIGs, which structurally resemble the glycan core of the GPI anchor (Figure 8d–f).
PIG41 displaying the highest structural similarity (see Supplementary Materials, Supple-
mentary Figures S3,S5) was most potent. This led to speculation that GPI-APs lipolytically
released from PMs of donor cells upon challenge with insulin or SUs, so-called PIG-proteins,
act as physiological competitors for the displacement of full-length GPI-APs from serum
GPI-binding proteins, such as GPLD1, thereby initiating their transfer to and anabolic
effects in acceptor cells.

This hypothesis was tested by incubation of GPI-deficient ELCs with serum in the
presence of PIGs rather than donor cells. In fact, PIG41 and, with reduced potency, PIGs
of lower structural similarity to the GPI glycan core managed to elicit GPI-AP transfer
(Figure 9) and glycogen synthesis upregulation (Figure 10) in a concentration-dependent
fashion. In agreement with serum proteins as a source for full-length GPI-APs transferred
upon their displacement, adsorption to α-toxin Sepharose beads and lipolytic or proteolytic
digestion of serum (Figures 9a and 10a) eliminated both transfer and glycogen synthesis
upregulation, and both were found to be strongly correlated to the serum volume and the
metabolic state of the rat donors (Figures 9b–d and 10b), with serum from obese ZDF rats,
apparently loaded with the highest amounts of GPI-APs (Figure 8b,c), being most potent.
The apparent correlation between PIG-induced GPI-AP transfer and glycogen synthesis fur-
ther argued for their mechanistic coupling. The components that are specifically involved
in this coupling, in particular the GPI-APs transferred and their actions downstream to the
glycogen synthesis machinery without involvement of their internalization, remain to be
elucidated in future studies, which may continue relying on transwell co-cultures and SAW
sensing, in part.

Previous studies have shown that in the absence of serum the release of full-length
GPI-APs from the PMs of donor cells in response to endogenous or exogenous stimuli is
rate-limiting for “direct” transfer rather than their insertion into the PMs of acceptor cells,
which proceeds with fast kinetics [48,69]. Therefore, it is reasonable to assume that also in
the presence of serum the observed considerable time requirement for both insulin- and
glimepiride-stimulated “indirect” transfer of GPI-APs, as measured in transwell co-cultures
(Figure 5e,f), does not rely on the insertion step but rather is caused by the process of their
dissociation from the serum GPI-binding proteins upon stimulation of the donor cells by
insulin and glimepiride. However, the activation of the insulin-/SU-dependent GPI-PLC
and the resulting lipolytic conversion of GPI-APs to PIG-proteins, as the competitors of full-
length GPI-APs for binding to the serum GPI-binding proteins, are known to represent rapid
processes [22,23,70]. Consequently, de novo synthesis and transport along the secretory
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pathway of full-length GPI-APs, as precursors for the PIG-proteins, in insulin-responsive
donor cells may represent the rate-limiting step for the insulin-/SU-stimulated “indirect”
transfer of GPI-APs from serum GPI-binding proteins to acceptor cells.

3.3. Contribution of the “Indirect” Intercellular Transfer of GPI-APs to Insulin and SU Action

Both insulin and antidiabetic SUs lower blood glucose by the stimulation of glucose
uptake and incorporation into lipids and glycogen in adipose, muscle and liver tissues,
albeit through engagement of completely different molecular mechanisms. Insulin ac-
tivates canonical signaling from the insulin receptor via insulin receptor substrate and
phosphatidylinositol-3 kinase (PI-3K) downstream to intracellular Glut4 vesicles, which
ultimately fuse with PMs, as well as to key enzymes of glycogen and lipid synthesis,
which became activated (for a review, see [71,72]). SUs bind to sulfonylurea receptors
at PMs of pancreatic ß-cells, thereby inducing their depolarization and accompanying
Ca2+-dependent exocytosis of insulin-containing granules (for a review, see [73,74]). Im-
portantly, SUs of the 1st, 2nd and 3rd generations, such as tolbutamide, glibenclamide
and glimepiride, respectively, exhibit considerable differences in structure (see Supple-
mentary Materials, Supplementary Figure S2) and pharmacological activity. Tolbutamide
lowers blood glucose by stimulation of insulin secretion from pancreatic ß-cells, exclu-
sively [74–76]. In contrast, glibenclamide and glimepiride elicit blood glucose decrease
by induction of insulin release to a major degree [77,78], as well as to a minor degree by
insulin-independent stimulation of transport and nonoxidative metabolism of glucose
in adipose [57,68,79,80] and muscle [80–82] cells in vitro, and in animals [69,78] and pa-
tients [83–87]. Interestingly, with regard to the insulin-independent insulin-mimetic activity
at peripheral target cells, glimepiride turned out to be significantly more potent than gliben-
clamide both in vitro [57,67,68,79,81,88] and in vivo [46,89–92], whereas glibenclamide is
more efficient in releasing insulin (for a review, see [67,84,93,94]).

The molecular mechanism underlying the initiation of this insulin-mimetic so-called
extrapancreatic activity of glimepiride has been attributed to engagement of the insulin-
/SU-dependent GPI-PLC at PMs of cells at peripheral tissues [22,23,28] and the resulting
generation of cleavage fragments derived from free GPI lipids or GPI anchors of GPI-APs
with structural similarity to PIGs or PIG-proteins, respectively. Those molecules have
been postulated to act as intracellular soluble mediators of metabolic insulin-mimetic
action (for a review, see [25,26,51,95–98]). In fact, the chemically synthesized PIGs used
in this study [99,100] or other structurally similar ones [101–103] and PIG-proteins, which
were prepared from human acetylcholinesterase [104], trypanosomal VSG [105] and yeast
Gce1p [106,107], have been demonstrated to stimulate glucose transport and lipid and
glycogen synthesis upon incubation of adipocytes, myocytes and hepatocytes in medium
containing serum (cultured cells) or (minute amounts of) blood (left in course of preparation
of primary cells).

As shown in this study, both insulin and glimepiride stimulate glycogen synthe-
sis in human ELCs but only in transwell co-culture upon simultaneous incubation with
adipocytes and serum. ELCs lack both the insulin receptor [39] and lipid rafts (Müller
and Müller, unpublished data), which are known to mediate activation of the insulin-/SU-
dependent GPI-PLC by glimepiride. Its activation by insulin or glimepiride in insulin
target cells has been amply documented, as reflected in the release of GPI-APs, among
them CD73, Gce1, lipoprotein lipase and alkaline phosphatase, from the surface of iso-
lated and cultured muscle, liver and adipose cells [22,23,28]. Importantly, its activation
by glimepiride does not involve canonical (wortmannin-sensitive) insulin signaling (see
Supplementary Materials, Supplementary Figure S4b) but seems to rely on the engagement
of a nonreceptor tyrosine kinase anchored at the inner leaflet of PMs, within so-called
lipid rafts. Hydrophobic glimepiride molecules have been demonstrated to spontaneously
intercalate into this nano- or microdomains [108–110]. They are characterized by resistance
towards detergent solubilization and low buoyant density due to the presence of high
concentrations of cholesterol, glycolipids and GPI-APs equipped with long-chain saturated
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fatty acids [8] (for a review, see [9–12]). Glimepiride intercalation leads to the redistribution
of the lipid raft constituents including the GPI-PLC and its PI-3K-insensitive activation.

Importantly, the stimulation of lipid synthesis in human adipocytes was completely
abrogated by the downregulation of the insulin-/SU-dependent GPI-PLC (Supplemen-
tary Materials, Supplementary Figure S4b) using a synthetic inositol derivative, GPI2350,
which inhibits bacterial, trypanosomal and serum (G)PI-PLC/D with high potency and
selectivity and reduces the insulin-/SU-inducible lipolytic release of GPI-APs from the
surface of intact rat adipocytes [52,92]. In contrast, the inhibition of the insulin-/SU-
dependent GPI-PLC failed to interfere with the insulin stimulation of lipid synthesis in
human adipocytes (Supplementary Materials, Supplementary Figure S4a). Thus, it is tempt-
ing to speculate that activation of the insulin-/SU-dependent GPI-PLC is a prerequisite
for the induction of anabolic effects in insulin nontarget cells, such as ELCs, or in cells
lacking insulin receptor or with defective insulin signaling, rather than in insulin target
cells. Thus, insulin and glimepiride share activation of the insulin-/SU-dependent GPI-
PLC in adipocytes, resulting in the release of PIG-proteins from full-length GPI-APs of
adipocyte PMs. These PIG-proteins apparently operate as physiological competitors for
the displacement of (nonadipocyte) full-length GPI-APs from serum GPI-binding proteins
rather than as intracellular mediators of insulin-like action as originally thought (see for
this view [25,26,96,97]). The displaced full-length GPI-APs subsequently transferred to
PMs of acceptor cells, rather than the generated PIG-proteins themselves induce the re-
ported anabolic effects. Thus, glimepiride seems to exert its insulin-mimetic effects via
the “indirect” mode of GPI-AP transfer. Importantly, in both in vitro [67,68,79–81,94] and
clinical studies [85–87] the insulin-mimetic action on peripheral cells and tissues has been
shown to be more pronounced for glimepiride compared to glibenclamide and tolbutamide.
The same ranking order of declining potency for SUs of the 3rd, 2nd and 1st generations
was found in the present study for the stimulation of GPI-AP transfer (Figure 6a,b) and
glycogen synthesis (Figure 7c,d) in the presence of serum. These correlations represent
important hints to the relevance of the “indirect” mode of transfer of GPI-APs from serum
GPI-binding proteins to peripheral cells for the insulin-independent (extrapancreatic) blood
glucose-lowering activity of antidiabetic SUs which, however, must be further delineated
in future animal studies.

At variance with glimepiride, insulin exerts its metabolic effects in insulin target
cells predominantly via engagement of canonical insulin signaling. This conclusion was
exemplified best by the lacking effect of GPI2350 on insulin stimulation of lipid synthesis in
3T3 adipocytes [52], which excludes a major role of the insulin-/SU-dependent GPI-PLC in
metabolic insulin signaling and action in insulin target cells (see Supplementary Materials,
Supplementary Figure S4a). The minor portion of the anabolic effects of insulin mediated
by the “indirect” mode of GPI-AP transfer is most likely over-run by the considerably more
potent canonical signaling to and activation of the anabolic effector systems.

3.4. The Interplay between the “Indirect” and the “Direct” Modes of GPI-AP Transfer

The differentiation between the “indirect” mode of GPI-AP transfer in the presence of
serum GPI-binding proteins and insulin or antidiabetic SUs, as described in the present
study, and the “direct” mode in their absence, as reported previously [30], raises the pos-
sibility that the two modes are linked to distinct physiological roles. The requirement
for the absence of serum GPI-binding proteins for the “direct” mode suggests that this
GPI-AP transfer occurs between cells of the same tissue depot and over short distance
(i.e., across interstitial spaces), exclusively and solely depends on the efficacy of the re-
lease of full-length GPI-APs from donor cells and insertion into PMs of acceptor cells in
the immediate neighborhood. For both steps, the size and metabolic state of the donor
and acceptor cells has previously been found to be critical, with those of large and small
sizes or from metabolically deranged and normal rats favoring the release and insertion,
respectively [30,47]. In the case of adipose and liver tissue depots, GPI-AP transfer may
result in the upregulation of basal lipid and glycogen synthesis, respectively, in “empty”
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acceptor cells, which take over the burden of lipid and glycogen storage from the neighbor-
ing donor cells with completely filled lipid and glycogen stores, respectively. In fact, the
heterogeneity of the size and metabolic state of cells within the same adipose or liver tissue
depots has been amply documented [111,112]. Thus, the “direct” mode of GPI-AP transfer
may be regarded as a mechanism to compensate for the unequal distribution of glycogen
and lipid synthesizing capabilities, which could be associated with unequal expression of
“relevant” GPI-APs, between different liver or adipose cells within the same tissue depots.
Furthermore, upregulation of lipid and glycogen synthesis in insulin target tissues, such as
adipose and liver, in response to the “direct” transfer of GPI-APs may be interpreted as a
mechanism to override peripheral insulin resistance in type II diabetic patients to a certain
(limited) degree.

The “Indirect” transfer of full-length GPI-APs from donor to acceptor cells located
at distinct tissue depots over long distance along the circulation engages the interaction
with and dissociation from serum GPI-binding proteins and, therefore, depends on several
parameters: (i) concentration of full-length GPI-APs in blood, which is determined by their
release from tissues in response to the metabolic state; (ii) concentration of GPI-binding
proteins in blood; (iii) concentration of lipolytically cleaved GPI-APs (i.e., PIG-proteins) in
blood, which is determined by the activation state of the insulin-/SU-dependent GPI-PLC;
and (iv) efficacy of the insertion of full-length GPI-APs into the acceptor cell PM.

Insulin and/or SUs will block the “direct” mode of GPI-AP transfer in the course of
the lipolytic removal of their GPI anchor and in parallel stimulate the “indirect” mode
by inducing the dissociation of full-length GPI-APs from serum GPI-binding proteins.
Thus, the insulin-, SU- and metabolic state-controlled integration of parameters (i–iv) will
ultimately determine the “direct” vs. the “indirect” mode of GPI-AP transfer. In the
metabolically dysregulated state, such as type II diabetes and obesity, the “indirect” mode
will override the “direct” one due to the (i) upregulation of the release of full-length GPI-
APs from PMs of metabolically dysregulated (insulin target) cells and tissues (e.g., adipose
and liver); (ii) interaction of those with serum GPI-binding proteins, which are systemically
distributed along the circulation; (iii) generation of lipolytically cleaved GPI-APs (PIG-
proteins) by insulin-/SU-dependent GPI-PLC in the hyperinsulinemic/hyperglycemic
state and/or insulin or glimepiride therapy, which displace full-length GPI-APs from the
serum GPI-binding proteins; and (v) final insertion of the full-length GPI-APs into PMs of
metabolically dysregulated acceptor cells, including noninsulin responsive or noninsulin
target cells.

Thus, it is conceivable that the “indirect” mode of GPI-AP transfer operates in insulin
responsive, as well as nonresponsive cells, i.e., in acceptor cells lacking canonical insulin
signaling and located far away from the insulin responsive donor cells. It may thereby
lead to the stimulation of glycogen and lipid synthesis that is additive to and independent
of canonical insulin signaling. In the future, it will be interesting to investigate whether
other hormonal and therapeutic signals or extrinsic factors affect the “direct” and “indirect”
modes of the intercellular transfer of GPI-APs and the resulting shift of the acceptor cell
phenotype. Oxidative challenge may represent a (patho)physiological candidate and this
even more so because an important role of glucose as a major antioxidant, in general, and
of glycogen stores in the resistance of cells towards oxidative stress, in particular, has been
suggested [113].

Moreover, it remains to be clarified (i) whether cellular phenotypes other than the
anabolic state become transmitted by intercellular protein transfer, (ii) what cells/tissues
are involved, (iii) what mechanisms (“direct” or “indirect”) are engaged and (iv) what
GPI-APs are transferred. Regarding the induction of the anabolic phenotype in ELCs and
adipocytes, the present data strongly argue that the relevant GPI-APs are different from
CD55, CD59, TNAP, CD73 and AChE, which are transferred along with the phenotype,
however, apparently without any mechanistic coupling to it. Unfortunately, the repertoire
of commercially available antibodies against GPI-APs, suitable for their immune depletion
during transwell co-culture or from serum GPI-binding proteins with resulting blockade
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of transfer in parallel to phenotypic changes in the acceptor cells, is rather limited. Thus,
an experimental alternative may represent downregulation of individual GPI-APs by
siRNAs in donor cells of transwell co-cultures at large scale if the lack of their expression is
compatible with donor cell viability.

4. Materials and Methods
4.1. Ethical Approval

All experimental procedures regarding the handling of animals (housing of and blood
sampling from rats, see [56]) were conducted in accordance with the German Animal
Protection Law (paragraph 6) and corresponded to international animal welfare legislation
and rules.

4.2. Transwell Co-Culture of Human Adipocytes and GPI-Deficient ELCs

Transwell co-culture was used with GPI-deficient ELCs as acceptor cells seeded at
the bottom of 12-well tissue culture plates (Falcon Companion TC Plate, No. 353503,
Falcon/Corning, Tewksbury, MA, USA, for 1.4–2.3 mL medium) and human adipocytes
of lipid-loading stage II or IV [30], differentiated from hADSCs (see below), as donor
cells seeded in the 12-well cell culture inserts (Falcon Cell Culture Insert, No. 353103,
for 0.4–1.0 mL medium). This enabled the detection of the transfer of full-length GPI-
APs between donor and acceptor cells at a distance (from the membrane to the bottom
of wells) of 0.9 mm through a porous membrane (pore size 1.0 µm, high pore density
1.6 ± 0.6 × 106 pores/cm2, polyethylene terephthalate track-etched, transparent).

The hADSCs were expanded in “hADSCs Growth Medium” (iXCells Inc., San Diego,
CA, USA) for 3–4 passages, as described in detail previously [30,114], and then seeded at
5 × 103 cells/cm2 in the transwell inserts (12-well plate formate) and thereafter grown to
confluence with medium change every 2–3 days until the cells reached 70–80% confluence.
For this, a cell culture insert was removed from the package with sterile forceps and then
gently placed into the bottom companion well culture plate, taking care to avoid trapping
air under the insert by tilting the insert while lowering it onto the well. Upon correct
positioning, the inserts with the flanges rested in the notches on the top edge of each well
in diagonal arrangement. For seeding, the cells and 1 mL of medium were added to the cell
culture insert at the density given above and cultured under routine conditions.

Thereafter, hADSCs were differentiated into human adipocytes in vitro using “hADSC
Adipocytes Differentiation Medium” (iXCells Inc.), as reported previously [30], until
medium or heavy lipid-loading (stage II or IV, respectively) was reached (i.e., Oil Red-
stained lipid droplets accounted for 50% or more than 80% of the cytoplasmic area, respec-
tively). Following washing with Dulbecco’s modified Eagle medium (DMEM, Gibco-BRL,
Thermo Fisher Scientific, Waltham, MA, USA) containing 1% sodium pyruvate, 100 U/mL
of penicillin and 100 µg/mL of streptomycin, the human adipocytes were used for transfer
experiments (lipid-loading stage IV for routine use, stage II as indicated).

Mutant ELCs, incapable of the coupling of nonacetylated glucosamine to phosphatidyli-
nositol during GPI anchor biosynthesis and, thus, completely deficient in expression of
GPI-APs [35,39], were seeded at 0.3–1.2 × 106 cell/mL in the bottom wells (12-well for-
mate) in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin
(DMEM, Gibco-BRL, Thermo Fisher Scientific, Waltham, MA, USA) and grown to con-
fluence. The ELCs were washed two times with Ca2+-free PBS and then two times with
serum-free medium for transfer experiments.

For initiation of transfer, the inserts were first moved to one side using a sterile
1 mL pasteur pipet to remove media from above and below the membrane. Subsequently,
2 mL and 1 of fresh medium containing or lacking serum, as indicated, were added to
the wells of the bottom companion and insert cell culture plates, respectively. Following
incubation under the conditions indicated, the insert wells were removed and then the
medium was aspirated from the bottom wells. Thereafter, the ELCs of the bottom wells
were rinsed two times with 1 mL each of PBS and then used for the preparation of PMs to
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determine the amount of GPI-APs for the assay of GPI-AP transfer or for incubation with
D-[U-14C]glucose (PerkinElmer, Waltham, MA, USA) to assay glycogen synthesis.

4.3. Assay of GPI-AP Transfer

PMs were prepared from the ELCs in the bottom wells of transwell co-culture, as
described previously [30], and then immobilized at the chip surface by ionic and covalent
capture with high efficacy. For ionic capture, PMs (0.2 mg protein per mL of 2 mM Ca2+,
100 mM NaCl, 10 mM Hepes/NaOH, pH 7.5) containing positively charged, negatively
charged or zwitterionic phospholipids or combinations thereof were injected into the chips
with uncoated negatively charged and highly hydrophilic TiO2 channels together with
immobilization buffer (10 mM sodium acetate, pH 5.5) at a flow rate of 25 µL/min for 4 min
at 30 ◦C, which fostered the formation of salt bridges between the chip surface and the PM
phospholipids. After the termination of the flow for 20 min at 30 ◦C for the stabilization of
immobilization, the chips were washed with 10 mM Hepes/NaOH (pH 7.5) and 100 mM
NaCl at a flow rate of 150 µL/min for 20 min at 30 ◦C.

For the subsequent covalent capture via the protein moieties of GPI-APs, as well as
the extracellular domains of TMPs, the microfluidic channels of the uncoated TiO2 chips
were primed with three injections of 250 µL each of immobilization buffer at a flow rate
of 50 µL/min. Then, the channel surface was activated by a 250 µL injection of 0.2 M
EDC and 0.05 M Sulfo-NHS (Pierce/ThermoFisher Scientific, Waltham, MA, USA; mixed
from 2×-stock solutions right before the injection) at a flow rate of 50 µL/min. After a
waiting period of 3 min (flow rate 0) and subsequent washing of the channels with two
300 µL portions of PBS containing 2.5 mM EGTA (PBSE) at a flow rate of 180 µL/min, the
residual activated groups on the channel surface were capped by injecting 200 µL of 1 M
ethanolamine (pH 8.5) at a flow rate of 60 µL/min. Thereafter, the channels were washed
two times with 125 µL of PBSE each at a flow rate of 150 µL/min and then two times with
160 µL of 10 mM Hepes/NaOH (pH 7.5) each at the same flow rate.

The amounts of GPI-APs and TMPs were determined by sequential injection of 75 µL
of appropriate antibodies (diluted as given in Supplementary Materials) at a flow rate of
15 µL/min according to the order indicated in the figures. Finally, for demonstration of
anchorage by GPI at the immobilized PMs of the acceptor ELCs, 75 µL of PI-PLC (Bacillus
cereus, 5 ng; Merck/Sigma-Aldrich, Darmstadt, Germany) at a flow rate of 15 µL/min were
injected, followed by injection of three portions of 220 µL of 0.1% (w/v) Triton X-100 at a flow
rate of 200 µL/min for the demonstration of incorporation into the phospholipid bilayer of
the immobilized PMs. Phase shifts are given upon correction for unspecific interactions (no
PMs immobilized) and normalization for the varying efficacy in immobilization of the PMs
between different chips [33].

4.4. Assay of Glycogen Synthesis

After disassembly of the transwell co-culture, the ELCs of the bottom wells were
washed two times with KRB containing 0.1% BSA and then incubated (120 min, 37 ◦C)
with 0.5 mL of the same buffer containing D-[U-14C]glucose (PerkinElmer, Waltham, MA,
USA, 250-360 mCi/mmol) and 0.1 to 15 mM glucose, as indicated, and a constant specific
radioactivity (0.1 to 15 µCi per test) in a shaking water bath, as has been previously
described [30]. The assay was terminated by placing the bottom plate on ice (20 min) and
subsequent three washings of the cells with 1 mL of ice-cold PBS each. Thereafter, the
ELCs were detached with Accutase (Merck/Sigma-Aldrich, Darmstadt, Germany) and
then homogenized (0 ◦C, ten up- and down-pipettings with a 0.1-mL pipette) in 0.1 mL of
25 mM Tris/HCl (pH 7.4), 5 mM EDTA, 100 mM NaF and 0.1 mM PMSF. The homogenate
was then centrifuged (10,000× g, 20 min, 4 ◦C). Then, 40 µL aliquots of the supernatant
were transferred into new 2.5 mL tubes, supplemented with 20 µL of 5 mg/mL “carrier”
glycogen and 1 mL of 30% KOH, and then heated (45 min, 100 ◦C) and subsequently
adjusted to 70% ethanol by the addition of 1.5 mL of 100% ethanol. After incubation
(4 h, −20 ◦C), the samples were centrifuged (2000× g, 15 min, 4 ◦C). The precipitated
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glycogen pellets were washed four times with 70% ethanol and then dissolved in 200 µL of
distilled water. Three 60 µL portions were spotted on 2 cm2 filter papers, which were dried
before liquid scintillation counting. The amount of glucose incorporated into glycogen
was calculated for each aliquot of the homogenate after the subtraction of the radioactivity
measured for a “mock” incubation of cells with D-[U-14C]glucose together with KOH and
subsequent identical processing.

4.5. siRNA Transfection of Human Adipocytes

Human adipocytes were transfected with siRNAs targeting human CDC42, Rac1 or
RhoA gene with lipofectamine RNAiMAX according to the manufacturer’s instructions
(ThermoFisher Scientific, Waltham, MA, USA). For control of the silencing efficacy, total
RNA was extracted for qPCR determination at 48 h after transfection. This protocol was
based on the SYBR Green detection system. Primers were used at 10 pM each. The mix
included 10 µL of SYBR Green qPCR Mix, 0.4 µL of each primer, 8.2 µL of sterile PCR grade
water. Next, 1 µL of template cDNA was added in a final volume of 20 µL. The samples were
amplified as follows: an initial denaturation step at 95 ◦C for 2 min, followed by 40 cycles
at 95 ◦C for 15 s (denaturation) and 60 ◦C for 1 min (annealing and elongation). After
amplification, melting curve analyses were performed to evaluate the silencing efficacies in
comparison to scrambled siRNA, which were considered to be 0%.

4.6. Immobilization of Anti-GPLD1 Antibody at the Chip Surface

For the generation of chips that capture GPLD1, a 200 µL portion of protein A
(50 mg/mL in PBS, 0.1 mM EDTA, 10% glycerol) diluted 10-fold in immobilization buffer
(10 mM sodium acetate, pH 5.5) was injected at a flow rate of 40 µL/min into the channels
of activated (0.2 M EDC and 0.05 M Sulfo-NHS, mixed from 2×-stock solutions right before
injection) long-chain 3D carboxymethyl (CM) dextran chips (SAW Instruments Inc., Bonn,
Germany) in a SamX instrument (SAW Instruments Inc., Bonn, Germany). The residual
activated groups on the chip surface were capped by injecting 100 µL of 1 M ethanolamine
(pH 8.5) at a flow rate of 60 µL/min. Thereafter, 50 µL of monoclonal anti-GPLD1 antibody
(diluted 1:750 with running buffer) or as a “blank” control IgG (same concentration) were
injected at a flow rate of 15 µL/min. After washing with 200 µL of PBST at a flow rate
of 120 µL/min, 100 µL of serum, diluted 20-fold with PBST, was injected at a flow rate
of 30 µL/min. Measurement of the phase shift was performed at 22 ◦C. The start and
termination points of the sample injections or washing cycles are indicated with green
and black arrows, respectively, in the figures. The chips were regenerated by successive
injections of 60 µL of 10 mM glycine (pH 3.5) and 30 µL of 4 M urea with waiting for 5 min
after each injection and the final injection of 300 µL of regeneration buffer (PBS, pH 7.4,
1 M NaCl, 0.03% Tween and 0.5% glycerol) and 300 µL of PBST. Chips with immobilized
protein A were used to up to 24 times without significant loss of capacity of capturing of
GPLD1.

4.7. Statistical Analysis

All numerical data are presented as the means ± SD. The statistical significance was
calculated using GraphPad Prism6 software (version 6.0.2, GraphPad Software, New York
City, NY, USA) on the basis of ordinary one-way/two-way ANOVA, tested by Sidak’s
multiple comparison tests. p ≤ 0.05 was considered to be significant.

4.8. Miscellaneous

The preparation of PMs [92], protein determination [57] and SAW sensing with
long-chain 3D CM-dextran sam®5 chips using a SamX instrument (SAW/Nanotemper,
Bonn/Munich, Germany) and evaluation [56,64] were performed as previously described
in detail.
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5. Conclusions

The main findings of the present study are as follows: (i) the transfer of GPI-APs
from human adipocytes to blood cells stimulates basal glycogen synthesis; (ii) insulin
and antidiabetic SU drugs inhibit the transfer and stimulation of glycogen synthesis;
(iii) serum GPI-binding proteins counteract the insulin and SU inhibition of transfer and
glycogen synthesis stimulation; (iv) GPI-AP transfer proceeds via two (i.e. “direct” and
“indirect”) modes that differ regarding the absence or presence of serum GPI-binding
proteins, respectively, and the origin of the transferred full-length GPI-APs (donor cells or
serum GPI-binding proteins, respectively).

It may be insightful to compare the “indirect” mode of transfer of GPI-APs, which
presumably reflects the physiology of mammalian organisms, with other modes of the
intercellular transfer of membrane proteins, in general, and GPI-APs, in particular: (i) the
“direct” mode of GPI-AP transfer lacks control by exogenous cues, such as serum proteins,
hormones, and drugs, and only operates between cells of the same tissue depot and over
short distance; (ii) for the transfer of membrane proteins via extracellular vesicles between
the same or different cell types/tissues over a short or long distance, a control by exogenous
signals has not been described so far; (iii) the same holds true for the short-distance delivery
of the complete set of membrane systems including their constituting membrane proteins,
among them PMs, endoplasmic reticulum, mitochondria, etc., from somatic mother to
daughter cells along cell division or from gametes to zygotes along cell fusion. Thus,
the “indirect” mode of the intercellular transfer of full-length GPI-APs may be of special
biological relevance within the repertoire of nongenetic inheritance of biological matter
since it is under control of environmental factors.

Meanwhile, many studies have addressed the role of the protein vs. the GPI moieties
of GPI-APs in human health and disease (e.g., [115]; for a review, see [9,116]). Furthermore,
the interaction with and displacement by PIGs from human serum proteins, among them
GPLD1, of full-length human GPI-APs, among them CD55, TNAP and AChE, have been
demonstrated (Müller and Müller, manuscript in preparation). Those findings together
with the present ones obtained with human cells and serum from a rat model for a human
disorder may foster future experimentation as to whether the (“indirect” and/or “direct”)
intercellular transfer of GPI-APs has (a) (patho)physiological role(s) in humans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24054825/s1. Reference [117] is cited in the supplemen-
tary materials.

Author Contributions: Conceptualization, G.A.M. and T.D.M.; methodology, G.A.M.; validation,
G.A.M.; investigation, G.A.M.; resources, G.A.M.; data curation, G.A.M.; writing—original draft
preparation, G.A.M.; writing—review and editing, G.A.M. and T.D.M.; writing—revision, G.A.M.
and T.D.M.; supervision, T.D.M.; project administration, G.A.M.; funding acquisition, T.D.M. All
authors have read and agreed to the published version of the manuscript.

Funding: T.D.M. received funding from the German Research Foundation (DFG TRR296, TRR152,
SFB1123 and GRK 2816/1), the German Center for Diabetes Research (DZD e.V.) and the European
Research Council ERC-CoG Trusted (no. 101044445).

Institutional Review Board Statement: All experimental procedures with regard to the handling of
animals (housing of and blood sampling from rats, see [30,56]) were approved by the Sanofi Pharma
Germany Inc., Institutional Animal Care and Use Committee and conducted in accordance with the
German Animal Protection Law (paragraph 6) and corresponded to international animal welfare
legislation and rules for the Care and Use of Laboratory Animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author (G.A.M.; guenter.mueller@helmholtz-muenchen.de) upon
reasonable request and will be provided as the original SAW data files together with the appro-
priate SAW Inc., software for data visualization and processing (correction and normalization), if

https://www.mdpi.com/article/10.3390/ijms24054825/s1
https://www.mdpi.com/article/10.3390/ijms24054825/s1


Int. J. Mol. Sci. 2023, 24, 4825 34 of 38

required, under consideration of the relevant conditions for licensing of FitMaster®, SensMaster®

and SequenceMaster®.

Acknowledgments: The authors would like to thank Andreas W. Herling and Sanofi Pharma Ger-
many Inc., Diabetes department (Frankfurt am Main, Germany), for making available the rat sera.

Conflicts of Interest: The authors declare no conflict of interest (financial or otherwise).

References
1. Haldar, K.; Ferguson, M.A.J.; Cross, G.A.M. Acylation of a Plasmodium falciparum merozoite surface antigen via sn-1,2-

diacylglycerol. J. Biol. Chem. 1985, 260, 4969–4974. [CrossRef] [PubMed]
2. Ferguson, M.A.J.; Homans, S.W.; Dwek, R.A.; Rademacher, T.W. Glycosyl-phosphatidylinositol moiety that anchors Trypanosoma

brucei variant surface glycoprotein to the membrane. Science 1988, 239, 753–759. [CrossRef]
3. UniProt, C. 2015 UniProt: A hub for protein information. Nucleic Acids Res. 2015, 43, D204–D212.
4. Eisenhaber, B.; Bork, P.; Eisenhaber, B. Post-translational GPI lipid anchor modification of proteins in kingdoms of life: Analysis

of protein sequence data from complete genomes. Protein Eng. 2001, 14, 17–25. [CrossRef] [PubMed]
5. Lopez, S.; Rodriguez-Gallardo, S.; Sabido-Bozo, S.; Muniz, M. Endoplasmic reticulum export of GPI-anchored proteins. Int. J. Mol.

Sci. 2019, 20, 3506. [CrossRef]
6. Yi-Shi, L.; Fujita, M. Mammalian GPI-anchor modifications and the enzymes involved. Biochem. Soc. Trans. 2020, 48, 1129–1138.
7. Kinoshita, T. Biosynthesis and biology of mammalian GPI-anchored proteins. Open Biol. 2020, 10, 190290. [CrossRef]
8. Suzuki, K.G.; Kasai, R.S.; Hirosawa, K.M.; Nemoto, Y.L.; Ishibashi, M.; Miwa, Y.; Fujiwara, T.K.; Kusumi, A. Transient GPI-

anchored protein homodimers are units for raft organization and function. Nat. Chem. Biol. 2012, 8, 774–783. [CrossRef]
9. Lebreton, S.; Zurzolo, C.; Paladino, S. Organization of GPI-anchored proteins at the cell surface and its physiopathological

relevance. Crit. Rev. Biochem. Mol. Biol. 2018, 53, 403–419. [CrossRef]
10. Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing principle. Science 2010, 327, 46–50. [CrossRef]
11. Goni, F.M. “Rafts”: A nickname for putative transient nanodomains. Chem. Phys. Lipids 2019, 218, 34–39. [CrossRef]
12. Raghupathy, R.; Anilkumar, A.A.; Polley, A.; Singh, P.P.; Yadev, M.; Johnson, C.; Suryawanshi, S.; Saikam, V.; Sawant, S.D.; Panda,

A.; et al. Transbilayer lipid interactions mediate nanoclustering of lipid-anchored proteins. Cell 2015, 161, 581–594. [CrossRef]
13. Nosjean, O.; Briolay, A.; Roux, B. Mammalian GPI proteins: Sorting, membrane residence and functions. Biochem. Biophys. Acta

1997, 1331, 153–186. [CrossRef]
14. Fujihara, Y.; Ikawa, M. GPI-AP release in cellular, developmental, and reproductive biology. J. Lipid Res. 2016, 57, 538–545.

[CrossRef]
15. Müller, G.A. The release of glycosylphosphatidylinositol-anchored proteins from the cell surface. Arch. Biochem. Biophys. 2018,

656, 1–18. [CrossRef] [PubMed]
16. Müller, G.A. Glycosylphosphatidylinositol-Anchored Proteins and Their Release from Cells—From Phenomenon to Meaning, 1st ed.; Nova

Science Publishers Inc.: New York, NY, USA, 2018; pp. 39–91.
17. Incardona, J.P.; Rosenberry, T.L. Replacement of the glycoinositol phospholipid anchor of Drosophila acetylcholinesterase with a

transmembrane domain does not alter sorting in neurons and epithelia but results in behavioral defects. Mol. Biol. Cell 1996, 7,
613–630. [CrossRef] [PubMed]

18. Kemble, G.W.; Henis, Y.I.; White, J.M. GPI- and transmembrane-anchored influenza hemagglutinin differ in structure and receptor
binding activity. J. Cell Biol. 1993, 122, 1253–1265. [CrossRef] [PubMed]

19. Guesdon, F.; Kaabi, Y.; Riley, A.H.; Wilkinson, I.R.; Gray, C.; James, D.C.; Artymiuk, P.J.; Sayers, J.R.; Ross, R.J. Expression of
a glycosylphosphatidylinositol-anchored ligand, growth hormone, blocks receptor signaling. Biosci. Rep. 2012, 32, 653–660.
[CrossRef]

20. Djafarzadeh, R.; Sauter, M.; Notohamiprodjo, S.; Noessner, E.; Goyal, P.; Siess, W.; Wörnle, M.; Ribeiro, A.; Himmelein, S.; Sitter,
T.; et al. Recombinant GPI-anchored TIMP-1 stimulates growth and migration of peritoneal mesothelial cells. PLoS ONE 2012,
4, e33963.

21. Müller, G.; Bandlow, W. Glucose induces lipolytic cleavage of a glycolipidic plasma membrane anchor in yeast. J. Cell Biol. 1993,
122, 325–336. [CrossRef] [PubMed]

22. Müller, G.; Dearey, E.A.; Pünter, J. The sulphonylurea drug, glimepiride, stimulates release of glycosylphosphatidylinositol-
anchored plasma membrane proteins from 3T3 adipocytes. Biochem. J. 1993, 289, 509–521. [CrossRef]

23. Müller, G.; Dearey, E.A.; Korndörfer, A.; Bandlow, W. Stimulation of a glycosylphosphatidylinositol-specific phospholipase
by insulin and the sulfonylurea, glimepiride, in rat adipocytes depends on increased glucose transport. J. Cell Biol. 1994, 126,
1267–1276. [CrossRef]

24. Bandlow, W.; Wied, S.; Müller, G. Glucose induces amphiphilic to hydrophilic conversion of a subset of glycosyl-
phosphatidylinositol-anchored ectoproteins in yeast. Arch. Biochem. Biophys. 1995, 324, 300–316. [CrossRef] [PubMed]

25. Saltiel, A.R. The role of glycosyl-phosphoinositides in hormone action. J. Bioenerg. Biomembr. 1991, 23, 29–41. [CrossRef] [PubMed]
26. Romero, G.; Luttrell, L.; Rogol, A.; Zeller, K.; Hewlett, E.; Larner, J. Phosphatidylinositol-glycan anchors of membrane proteins:

Potential precursors of insulin mediators. Science 1988, 240, 509–511. [CrossRef]

http://doi.org/10.1016/S0021-9258(18)89167-0
http://www.ncbi.nlm.nih.gov/pubmed/3886646
http://doi.org/10.1126/science.3340856
http://doi.org/10.1093/protein/14.1.17
http://www.ncbi.nlm.nih.gov/pubmed/11287675
http://doi.org/10.3390/ijms20143506
http://doi.org/10.1098/rsob.190290
http://doi.org/10.1038/nchembio.1028
http://doi.org/10.1080/10409238.2018.1485627
http://doi.org/10.1126/science.1174621
http://doi.org/10.1016/j.chemphyslip.2018.11.006
http://doi.org/10.1016/j.cell.2015.03.048
http://doi.org/10.1016/S0304-4157(97)00005-1
http://doi.org/10.1194/jlr.R063032
http://doi.org/10.1016/j.abb.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30120921
http://doi.org/10.1091/mbc.7.4.613
http://www.ncbi.nlm.nih.gov/pubmed/8730103
http://doi.org/10.1083/jcb.122.6.1253
http://www.ncbi.nlm.nih.gov/pubmed/8397215
http://doi.org/10.1042/BSR20120088
http://doi.org/10.1083/jcb.122.2.325
http://www.ncbi.nlm.nih.gov/pubmed/8320256
http://doi.org/10.1042/bj2890509
http://doi.org/10.1083/jcb.126.5.1267
http://doi.org/10.1006/abbi.1995.0043
http://www.ncbi.nlm.nih.gov/pubmed/8554322
http://doi.org/10.1007/BF00768837
http://www.ncbi.nlm.nih.gov/pubmed/1849135
http://doi.org/10.1126/science.3282305


Int. J. Mol. Sci. 2023, 24, 4825 35 of 38

27. Movahedi, S.; Hooper, N.M. Insulin stimulates the release of the glycosylphosphatidylinositol-anchored membrane dipeptidase
from 3T3-L1 adipocytes through the action of a phospholipase C. Biochem. J. 1997, 326, 531–537. [CrossRef]

28. Ingham, V.; Williams, A.; Bate, C. Glimepiride reduces CD14 expression and cytokine secretion from macrophages. J. Neuroinflamm.
2014, 11, 115–128. [CrossRef] [PubMed]

29. Ohmichi, M.; Decker, S.J.; Saltiel, A.R. Nerve growth factor stimulates the tyrosine phosphorylation of a 38-kDa protein that
specifically associates with the src homology domain of phospholipase c-γ1. J. Biol. Chem. 1992, 267, 21601–21606. [CrossRef]

30. Müller, G.A.; Müller, T.D. Biological role of the intercellular transfer of glycosylphosphatidylinositol-anchored proteins: Stimula-
tion of lipid and glycogen synthesis. Int. J. Mol. Sci. 2022, 23, 7418. [CrossRef]

31. Davitz, M.A.; Hereld, D.; Shak, S.; Krakow, J.; Englund, P.T.; Nussenzweig, V. A glycan-phosphatidylinositol-specific phospholi-
pase D in human serum. Science 1987, 238, 81–84. [CrossRef]

32. Li, J.-Y.; Hollfelder, K.; Huang, K.-S.; Low, M.G. Structural features of GPI-specific phospholipase D revealed by proteolytic
fragmentation and Ca2+ binding studies. J. Biol. Chem. 1994, 269, 28963–28971. [CrossRef] [PubMed]

33. Müller, G.A.; Ussar, S.; Tschöp, M.H.; Müller, T.D. Age-dependent membrane release and degradation of full-length
glycosylphosphatidylinositol-anchored proteins in rats. Mech. Ageing Dev. 2020, 190, 111307. [CrossRef] [PubMed]

34. Müller, G.A.; Lechner, A.; Tschöp, M.H.; Müller, T.D. Interaction of full-length glycosylphosphatidylinositol-anchored proteins
with serum proteins and their translocation to cells in vitro depend on the (pre-)diabetic state in rats and humans. Biomedicines
2021, 9, 277. [CrossRef] [PubMed]

35. Hirose, S.; Mohney, R.P.; Mutka, S.C.; Ravi, L.; Singleton, D.R.; Perry, G.; Tartakoff, A.M.; Medof, M.E. Derivation and characteri-
zation of glycoinositol-phospholipid anchor-defective human K562 cell clones. J. Biol. Chem. 1992, 267, 5272–5278. [CrossRef]
[PubMed]

36. Andrä, J.; Böhling, A.; Gronewold, T.M.A.; Schlecht, U.; Perpeet, M.; Gutsmann, T. Surface acoustic wave biosensor as a tool to
study the interaction of antimicrobial peptides with phospholipid and lipopolysaccharide model membranes. Langmuir 2008, 24,
9148–9153. [CrossRef] [PubMed]

37. Gronewold, T.M.A.; Glass, S.; Quandt, E.; Famulok, M. Monitoring complex formation in the blood-coagulation cascade using
aptamer-coated SAW sensors. Biosens. Bioelectron. 2005, 20, 2044–2052. [CrossRef]

38. Huang, K.; Park, S. Affinity purification of glycosylphosphatidylinositol-anchored proteins by alpha-toxin. In Glycosaminoglycans.
Methods in Molecular Biology; Balagurunathan, K., Nakato, H., Desai, U., Saijoh, Y., Eds.; Humana Press: New York, NY, USA, 2022;
Volume 2303.

39. Lazar, D.F.; Knez, J.J.; Medof, M.E.; Cuatrecasas, P.; Saltiel, A.R. Stimulation of glycogen synthesis by insulin in human
erythroleukemia cells requires the synthesis of glycosylphosphatidylinositol. Proc. Natl. Acad. Sci. USA 1994, 91, 9665–9669.
[CrossRef]

40. Davitz, M.A.; Low, M.G.; Nussenzweig, V. Release of decay-accelerating factor (DAF) from the cell membrane by
phosphatidylinositol-specific phospholipase C (PIPLC). Selective modification of a complement regulatory protein. J.
Exp. Med. 1986, 163, 1150–1161. [CrossRef]

41. Wong, Y.W.; Low, M.G. Biosynthesis of glycosylphosphatidylinositol-anchored human placental alkaline phosphatase: Evidence
for a phospholipase C-sensitive precursor and its post-attachment conversion into a phospholipase C-resistant form. Biochem. J.
1994, 301, 205–209. [CrossRef]

42. Song, S.; Fu, H.; He, B.; Wang, D.; Qin, M.; Yang, D.; Liu, D.; Song, G.; Shi, Y.; Zhang, H.; et al. Rho GTPases in A549 and Caco-2
cells dominating the endocytic pathways of nanocarbons with different morphologies. Int. J. Nanomed. 2018, 13, 4391–4404.
[CrossRef]

43. Lakhan, S.E.; Sabharanjak, S.; De, A. Endocytosis of glycosylphosphatidylinositol-anchored proteins. J. Biomed. Sci. 2009, 16, 93.
[CrossRef] [PubMed]

44. Chadda, R.; Howes, M.T.; Plowman, S.J.; Hancock, J.F.; Parton, R.G.; Mayor, S. Cholesterol-sensitive Cdc42 activation regulates
actin polymerization for endocytosis via the GEEC pathway. Traffic 2007, 8, 702–717. [CrossRef] [PubMed]

45. Ferreira, A.P.A.; Boucrot, E. Mechanisms of carrier formation during clathrin-independent endocytosis. Trends Cell Biol. 2018, 28,
188–200. [CrossRef]

46. Gauthier, N.C.; Monzo, P.; Gonzalez, T.; Doye, A.; Oldani, A.; Gounon, P.; Ricci, V.; Cormont, M.; Bouquet, P. Early endosomes
associated with dynamic F-actin structures are required for late trafficking of H. pylori VacA toxin. J. Cell Biol. 2007, 177, 343–354.
[CrossRef] [PubMed]

47. Truong, A.; Yip, C.; Paye, A.; Blacher, S.; Munaut, C.; Deroanne, C.; Noel, A.; Sounni, N.E. Dynamics of internalization and
recycling of the prometastatic membrane type 4 matrix metalloproteinase (MT4-MMP) in breast cancer cells. FEBS J. 2016, 283,
704–722. [CrossRef] [PubMed]

48. Müller, G.A.; Tschöp, M.H.; Müller, T.D. Chip-based sensing of the intercellular transfer of cell surface proteins: Regulation by the
metabolic state. Biomedicines 2021, 9, 1452. [CrossRef] [PubMed]

49. Stralfors, P. Insulin second messengers. Bioessays 1997, 19, 327–335. [CrossRef]
50. Sharom, F.J.; Radeva, G. GPI-anchored protein cleavage in the regulation of transmembrane signals. Subcell. Biochem. 2004, 37,

285–315. [PubMed]
51. Varela-Nieto, I.; Leon, Y.; Caro, H.N. Cell signalling by inositol phosphoglycans from different species. Comp. Biochem. Physiol. B.

Biochem. Mol. Biol. 1996, 115, 223–241. [CrossRef]

http://doi.org/10.1042/bj3260531
http://doi.org/10.1186/1742-2094-11-115
http://www.ncbi.nlm.nih.gov/pubmed/24952384
http://doi.org/10.1016/S0021-9258(19)36653-0
http://doi.org/10.3390/ijms23137418
http://doi.org/10.1126/science.2443973
http://doi.org/10.1016/S0021-9258(19)62000-4
http://www.ncbi.nlm.nih.gov/pubmed/7961859
http://doi.org/10.1016/j.mad.2020.111307
http://www.ncbi.nlm.nih.gov/pubmed/32628941
http://doi.org/10.3390/biomedicines9030277
http://www.ncbi.nlm.nih.gov/pubmed/33802150
http://doi.org/10.1016/S0021-9258(18)42762-7
http://www.ncbi.nlm.nih.gov/pubmed/1371997
http://doi.org/10.1021/la801252t
http://www.ncbi.nlm.nih.gov/pubmed/18605705
http://doi.org/10.1016/j.bios.2004.09.007
http://doi.org/10.1073/pnas.91.21.9665
http://doi.org/10.1084/jem.163.5.1150
http://doi.org/10.1042/bj3010205
http://doi.org/10.2147/IJN.S164866
http://doi.org/10.1186/1423-0127-16-93
http://www.ncbi.nlm.nih.gov/pubmed/19832981
http://doi.org/10.1111/j.1600-0854.2007.00565.x
http://www.ncbi.nlm.nih.gov/pubmed/17461795
http://doi.org/10.1016/j.tcb.2017.11.004
http://doi.org/10.1083/jcb.200609061
http://www.ncbi.nlm.nih.gov/pubmed/17438076
http://doi.org/10.1111/febs.13625
http://www.ncbi.nlm.nih.gov/pubmed/26663028
http://doi.org/10.3390/biomedicines9101452
http://www.ncbi.nlm.nih.gov/pubmed/34680568
http://doi.org/10.1002/bies.950190410
http://www.ncbi.nlm.nih.gov/pubmed/15376625
http://doi.org/10.1016/0305-0491(96)00087-9


Int. J. Mol. Sci. 2023, 24, 4825 36 of 38

52. Müller, G.; Schulz, A.; Wied, S.; Frick, W. Regulation of lipid raft proteins by glimepiride- and insulin-induced glycosylphosphatidy
linositol-specific phospholipase C in rat adipocytes. Biochem. Pharmacol. 2005, 69, 761–780. [CrossRef]

53. Arner, P.; Pettersson, A.; Mitchell, P.J.; Dunbar, J.D.; Kharitonenkov, A.; Ryden, M. FGF21 attenuates lipolysis in human
adipocytes—A possible link to improved insulin sensitivity. FEBS Lett. 2008, 582, 1725–1730. [CrossRef]

54. DeMarsilis, A.; Reddy, N.; Boutari, C.; Filippaios, A.; Sternthal, E.; Katsiki, N.; Mantzoros, C. Pharmacotherapy of type 2 diabetes:
An update and future directions. Metabolism 2022, 137, 155332. [CrossRef]

55. Agardh, C.D.; Björgell, P.; Nilsson-Ehle, P. The effects of tolbutamide on lipoproteins, lipoprotein lipase and hormone-sensitive
lipase. Diabetes Res. Clin. Pract. 1999, 46, 99–108. [CrossRef]

56. Müller, G.A.; Herling, A.W.; Stemmer, K.; Lechner, A.; Tschöp, M.H. Chip-based sensing for release of unprocessed cell surface
proteins in vitro and in serum and its (patho)physiological relevance. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E212–E233.
[CrossRef] [PubMed]

57. Müller, G.; Wied, S. The sulfonylurea drug, glimepiride, stimulates glucose transport, glucose transporter translocation, and
dephosphorylation in insulin-resistant rat adipocytes in vitro. Diabetes 1993, 42, 1852–1867. [CrossRef] [PubMed]

58. Cocuzzi, E.; Szczotka, L.B.; Brodbeck, W.G.; Bardenstein, D.S.; Wei, T.; Medof, M.E. Tears contain the complement regulator CD59
as well as decay-accelerating factor (DAF). Clin. Exp. Immunol. 2001, 123, 188–195. [CrossRef] [PubMed]

59. Pandey, S.; Dvorakova, M.C. Future perspective of diabetic animal models. Endocrinol. Metab. Immune Dis.–Drug Targets 2020, 20,
25–38. [CrossRef]

60. Wang, T.; Tang, X.; Hu, X.; Wang, J.; Chen, G. Reduction in the dietary VA status prevents type 2 diabetes and obesity in Zucker
diabetic fatty rats. Biomolecules 2022, 12, 528. [CrossRef]

61. Xia, C.; Zhang, X.; Cao, T.; Wang, J.; Li, C.; Yue, L.; Niu, K.; Shen, Y.; Ma, G.; Chen, F. Hepatic transcriptome analysis revealing the
molecular pathogenesis of type 2 diabetes mellitus in Zucker Diabetic Fatty rats. Front. Endocrinol. 2020, 11, 565858. [CrossRef]

62. Dvir, H.; Silman, I.; Harel, M.; Rosenberry, T.L.; Sussman, J.L. Acetylcholinesterase: From 3D structure to function. Chem. Biol.
Interact. 2010, 187, 10–22. [CrossRef]

63. Hirose, S.; Ravi, L.; Hazra, S.V.; Medof, M.E. Assembly and deacylation of N-acetylglucosaminyl-plasmanylinositol in normal
and affected paroxysmal nocturnal hemoglobinuria cells. Proc. Natl. Acad. Sci. USA 1991, 88, 3762–3766. [CrossRef] [PubMed]

64. Müller, G.A.; Tschöp, M.H.; Müller, T.D. Upregulated phospholipase D activity toward glycosylphosphatidylinositol-anchored
proteins in micelle-like serum complexes in metabolically deranged rats and humans. Am. J. Physiol. Endocrinol. Metab. 2020, 318,
E462–E479. [CrossRef]

65. Sharonov, G.V.; Balatskaya, M.N.; Tkachuk, V.A. Glycosylphosphatidylinositol-anchored proteins as regulators of cortical
cytoskeleton. Biochemistry 2016, 81, 636–650. [CrossRef]

66. Chaudhary, N.; Gomez, G.A.; Howes, M.T.; Lo, H.P.; McMahon, K.-A.; Rae, J.A.; Schieber, N.L.; Hill, M.M.; Gaus, K.; Yap,
A.S.; et al. Endocytic crosstalk: Cavins, caveolins, and caveolae regulate clathrin-independent endocytosis. PLoS Biol. 2014,
12, e1001832. [CrossRef]

67. Müller, G.; Geisen, K. Characterization of the molecular mode of action of the sulfonylurea, glimepiride, at adipocytes. Horm.
Metab. Res. 1996, 28, 469–487. [CrossRef] [PubMed]

68. Müller, G.; Satoh, Y.; Geisen, K. Extrapancreatic effects of sulfonylureas—A comparison between glimepiride and conventional
sulfonylureas. Diabetes Res. Clin. Pract. 1995, 28, S115–S137. [CrossRef]

69. Anderson, S.M.; Yu, G.; Giattina, M.; Miller, J.L. Intercellular transfer of glycosylphosphatidylinositol (GPI)-linked protein:
Release and uptake of CD4-GPI from recombinant adeno-associated virus-transduced Hela cells. Proc. Nat. Acad. Sci. USA 1996,
93, 5894–5898. [CrossRef]

70. Chan, B.L.; Lisanti, M.P.; Rodriguez-Boulan, E.; Saltiel, A.R. Insulin-stimulated release of lipoprotein lipase by metabolism of its
phosphatidylinositol anchor. Science 1988, 241, 1670–1672. [CrossRef]

71. Saltiel, A.R. Insulin signaling in health and disease. J. Clin. Investig. 2021, 131, e142241. [CrossRef] [PubMed]
72. Haeusler, R.A.; McGraw, T.E.; Accili, D. Biochemical and cellular properties of insulin receptor signalling. Nat. Rev. Mol. Cell Biol.

2018, 19, 31–44. [CrossRef] [PubMed]
73. Proks, P.; Reimann, F.; Green, N.; Gribble, F.; Ashcroft, F. Sulfonylurea stimulation of insulin secretion. Diabetes 2002, 51 (Suppl. 3),

S368–S376. [CrossRef] [PubMed]
74. Lamos, E.L.; Stein, S.A.; Davis, S.N. Sulfonylureas and meglitinides: Historical and contemporary issues. Panminerva Med. 2013,

55, 239–251. [PubMed]
75. Prendergast, B.D. Glyburide and glipizide, second-generation oral sulfonylurea hypoglycemic agents. Clin. Pharm. 1984, 3,

473–485. [PubMed]
76. Brietzke, S.A. Oral antihyperglycemic treatment options for type 2 diabetes mellitus. Med. Clin. North Am. 2015, 99, 87–106.

[CrossRef]
77. Kramer, W.; Müller, G.; Geisen, K. Characterization of the molecular mode of action of the sulfonylurea, glimepiride, at beta-cells.

Horm. Metab. Res. 1996, 28, 464–468. [CrossRef]
78. Kramer, W.; Müller, G.; Girbig, F.; Gutjahr, U.; Kowalewski, S.; Hartz, D.; Summ, H.-D. Differential interaction of glimepiride and

glibenclamide with the beta-cell sulfonylurea receptor. II. Photoaffinity labeling of a 65 kDa protein by (3H)glimepiride. Biochim.
Biophys. Acta 1994, 1191, 278–290. [CrossRef]

http://doi.org/10.1016/j.bcp.2004.11.014
http://doi.org/10.1016/j.febslet.2008.04.038
http://doi.org/10.1016/j.metabol.2022.155332
http://doi.org/10.1016/S0168-8227(99)00088-1
http://doi.org/10.1152/ajpendo.00079.2019
http://www.ncbi.nlm.nih.gov/pubmed/31039006
http://doi.org/10.2337/diab.42.12.1852
http://www.ncbi.nlm.nih.gov/pubmed/8243832
http://doi.org/10.1046/j.1365-2249.2001.01408.x
http://www.ncbi.nlm.nih.gov/pubmed/11207647
http://doi.org/10.2174/1871530319666190626143832
http://doi.org/10.3390/biom12040528
http://doi.org/10.3389/fendo.2020.565858
http://doi.org/10.1016/j.cbi.2010.01.042
http://doi.org/10.1073/pnas.88.9.3762
http://www.ncbi.nlm.nih.gov/pubmed/1708886
http://doi.org/10.1152/ajpendo.00504.2019
http://doi.org/10.1134/S0006297916060110
http://doi.org/10.1371/journal.pbio.1001832
http://doi.org/10.1055/s-2007-979839
http://www.ncbi.nlm.nih.gov/pubmed/8911985
http://doi.org/10.1016/0168-8227(95)01089-V
http://doi.org/10.1073/pnas.93.12.5894
http://doi.org/10.1126/science.241.4873.1670
http://doi.org/10.1172/JCI142241
http://www.ncbi.nlm.nih.gov/pubmed/33393497
http://doi.org/10.1038/nrm.2017.89
http://www.ncbi.nlm.nih.gov/pubmed/28974775
http://doi.org/10.2337/diabetes.51.2007.S368
http://www.ncbi.nlm.nih.gov/pubmed/12475777
http://www.ncbi.nlm.nih.gov/pubmed/24088798
http://www.ncbi.nlm.nih.gov/pubmed/6435940
http://doi.org/10.1016/j.mcna.2014.08.012
http://doi.org/10.1055/s-2007-979838
http://doi.org/10.1016/0005-2736(94)90178-3


Int. J. Mol. Sci. 2023, 24, 4825 37 of 38

79. Müller, G.; Schulz, A.; Hartz, D.; Dearey, E.-A.; Wetekam, E.-M.; Ökonomopulos, R.; Crecelius, A.; Wied, S.; Frick, W. Novel
glimepiride derivatives with potential as double-edged swords against type II diabetes. Arch. Physiol. Biochem. 2010, 116, 3–20.
[CrossRef]

80. Müller, G.; Wied, S.; Wetekam, E.M.; Crecelius, A.; Unkelbach, A.; Pünter, J. Stimulation of glucose utilization in 3T3 adipocytes
and rat diaphragms in vitro by the sulfonylureas, glimepiride and glibenclamide, is correlated with modulations of the cAMP
regulatory cascade. Biochem. Pharmacol. 1994, 48, 985–996. [CrossRef]

81. Haupt, A.; Kausch, C.; Dahl, D.; Bachmann, O.; Stumvoll, M.; Häring, H.-U.; Matthaei, S. Effect of glimepiride on insulin-
stimulated glycogen synthesis in cultured human skeletal muscle cells: A comparison to glibenclamide. Diabetes Care 2002, 25,
2129–2132. [CrossRef]

82. Bähr, M.; von Holtey, M.; Müller, G.; Eckel, J. Direct stimulation of myocardial glucose transport and glucose transporter-1
(GLUT1) and GLUT4 protein expression by the sulfonylurea glimepiride. Endocrinology 1995, 136, 2547–2553. [CrossRef]

83. Emini-Sadiku, M.; Car, N.; Begolli, L.; Blaslov, K.; Haliti, E.; Bahtiri, E. The differential influence of glimepiride and glibenclamide
on insulin resistance and adiponectin levels in patients with type 2 diabetes. Endocr. J. 2019, 66, 915–921. [CrossRef]

84. Draeger, E. Clinical profile of glimepiride. Diabetes Res. Clin. Pract. 1995, 28, S139–S146. [CrossRef]
85. Rosenstock, J.; Samols, E.; Muchmore, D.B.; Schneider, J. Glimepiride, a new once-daily sulfonylurea. A double-blind placebo-

controlled study of NIDDM patients. Glimepiride study group. Diabetes Care 1996, 19, 1194–1199. [CrossRef] [PubMed]
86. Raptis, S.A.; Hatziagelaki, E.; Dimitriadis, G.; Draeger, K.E.; Pfeiffer, C.; Raptis, A.E. Comparative effects of glimepiride and

glibenclamide on blood glucose, C-peptide and insulin concentrations in the fasting and postprandial state in normal man. Exp.
Clin. Endocrinol. Diabetes 1999, 107, 350–355. [CrossRef] [PubMed]

87. Hamaguchi, T.; Hirose, T.; Asakawa, H.; Itoh, Y.; Kamado, K.; Tokunaga, K.; Tomita, K.; Masuda, H.; Watanabe, N.; Namba,
M. Efficacy of glimepiride in type 2 diabetic patients treated with glibenclamide. Diabetes Res. Clin. Pract. 2004, 66, S129–S132.
[CrossRef] [PubMed]

88. Hribal, M.L.; D’Alfonso, R.; Giovannone, B.; Lauro, D.; Liu, Y.Y.; Borboni, P.; Federici, M.; Lauro, R.; Sesti, G. The sulfonylurea
glimepiride regulates intracellular routing of the insulin-receptor complexes through their interaction with specific protein kinase
C isoforms. Mol. Pharmacol. 2001, 59, 322–330. [CrossRef] [PubMed]

89. Chen, H.; Gao, Z.; He, C.; Xiang, R.; van Kuppevelt, T.H.; Belting, M.; Zhang, S. GRP75 upregulates clathrin-independent
endocytosis through actin cytoskeleton reorganization mediated by the concurrent activation of Cdc42 and RhoA. Exp. Cell Res.
2016, 343, 223–236. [CrossRef]

90. Guha, A.; Sriram, V.; Krishnan, K.S.; Mayor, S. shibire mutations reveal distinct dynamin-independent and -dependent endocytic
pathways in primary cultures of Drosophila hemocytes. J. Cell Sci. 2003, 116, 3373–3386. [CrossRef]

91. Naslavsky, N.; Weigert, R.; Donaldson, J.G. Characterization of a nonclathrin endocytic pathway: Membrane cargo and lipid
requirements. Mol. Biol. Cell 2004, 15, 3542–3552. [CrossRef]

92. Müller, G.; Wetekam, E.; Jung, C.; Bandlow, W. Membrane association of lipoprotein lipase and a cAMP-binding ectoprotein in rat
adipocytes. Endocrinology 1997, 33, 12149–12159. [CrossRef]

93. Langtry, H.D.; Balfour, J.A. Glimepiride. A review of its use in the management of type 2 diabetes mellitus. Drugs 1998, 55,
563–584. [CrossRef] [PubMed]

94. Kaku, K.; Inoue, Y.; Kaneko, T. Extrapancreatic effects of sulfonylurea drugs. Diabetes Res. Clin. Pract. 1995, 28, S105–S108.
[CrossRef] [PubMed]

95. Mato, J.M. Insulin mediators revisited. Cell. Signal. 1989, 1, 143–146. [CrossRef] [PubMed]
96. Low, M.G.; Saltiel, A.R. Structural and functional roles of glycosylphosphatidylinositol in membranes. Science 1988, 239, 268–275.

[CrossRef] [PubMed]
97. Farese, R.V. Lipid-derived mediators in insulin. Proc. Soc. Exp. Biol. Med. 1990, 195, 312–324. [CrossRef] [PubMed]
98. Gaulton, G.N.; Pratt, J.C. Glycosylated phosphatidylinositol molecules as second messengers. Semin. Immunol. 1994, 6, 97–104.

[CrossRef] [PubMed]
99. Frick, W.; Bauer, A.; Bauer, J.; Wied, S.; Müller, G. Structure-activity relationship of synthetic phosphoinositolglycans mimicking

metabolic insulin action. Biochemistry 1998, 37, 13421–13436. [CrossRef]
100. Müller, G.; Wied, S.; Piossek, C.; Bauer, A.; Bauer, J.; Frick, W. Convergence and divergence of the signaling pathways for insulin

and phosphoinositolglycans. Mol. Med. 1998, 4, 299–323. [CrossRef]
101. Larner, J.; Brautigam, D.L.; Thorner, M.O. D-chiro-inositol-glycans in insulin signaling and insulin resistance. Mol. Med. 2010, 16,

543–552. [CrossRef]
102. Fonteles, M.C.; Huang, L.C.; Larner, J. Infusion of pH 2.0 D-chiro-inositol glycan insulin putative mediator normalizes plasma

glucose in streptozotocin diabetic rats at a dose equivalent to insulin without inducing hypoglycaemia. Diabetologia 1996, 39,
731–734. [CrossRef]

103. Shaskin, P.N.; Shashkina, E.F.; Fernqvist-Forbes, E.; Zhou, Y.P.; Grill, V.; Katz, A. Insulin mediators in man: Effects of glucose
ingestion and insulin resistance. Diabetologia 1997, 40, 557–563. [CrossRef]

104. Deeg, M.A., Brass; Eric, P.B.; Rosenberry, T.L. Inositol glycan phosphate derived from human erythrocyte acetylcholinesterase
glycolipid anchor and inositol cyclic 1,2-phosphate antagonize glucagon activation of glycogen phosphorylase. Diabetes 1993, 42,
1318–1323. [CrossRef] [PubMed]

http://doi.org/10.3109/13813450903575720
http://doi.org/10.1016/0006-2952(94)90369-7
http://doi.org/10.2337/diacare.25.12.2129
http://doi.org/10.1210/endo.136.6.7750476
http://doi.org/10.1507/endocrj.EJ18-0493
http://doi.org/10.1016/0168-8227(95)01072-L
http://doi.org/10.2337/diacare.19.11.1194
http://www.ncbi.nlm.nih.gov/pubmed/8908379
http://doi.org/10.1055/s-0029-1212125
http://www.ncbi.nlm.nih.gov/pubmed/10543411
http://doi.org/10.1016/j.diabres.2003.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15563963
http://doi.org/10.1124/mol.59.2.322
http://www.ncbi.nlm.nih.gov/pubmed/11160869
http://doi.org/10.1016/j.yexcr.2016.04.009
http://doi.org/10.1242/jcs.00637
http://doi.org/10.1091/mbc.e04-02-0151
http://doi.org/10.1021/bi00206a018
http://doi.org/10.2165/00003495-199855040-00007
http://www.ncbi.nlm.nih.gov/pubmed/9561345
http://doi.org/10.1016/0168-8227(95)01078-R
http://www.ncbi.nlm.nih.gov/pubmed/8529502
http://doi.org/10.1016/0898-6568(89)90003-X
http://www.ncbi.nlm.nih.gov/pubmed/2561982
http://doi.org/10.1126/science.3276003
http://www.ncbi.nlm.nih.gov/pubmed/3276003
http://doi.org/10.3181/00379727-195-43150C
http://www.ncbi.nlm.nih.gov/pubmed/2259701
http://doi.org/10.1006/smim.1994.1014
http://www.ncbi.nlm.nih.gov/pubmed/8054541
http://doi.org/10.1021/bi9806201
http://doi.org/10.1007/BF03401738
http://doi.org/10.2119/molmed.2010.00107
http://doi.org/10.1007/BF00418546
http://doi.org/10.1007/s001250050715
http://doi.org/10.2337/diab.42.9.1318
http://www.ncbi.nlm.nih.gov/pubmed/8349043


Int. J. Mol. Sci. 2023, 24, 4825 38 of 38

105. Misek, D.E.; Saltiel, A.R. An inositol phosphate glycan derived from a Trypanosoma brucei glycosyl-phosphatidylinositol mimics
some of the metabolic actions of insulin. J. Biol. Chem. 1992, 267, 16266–16276. [CrossRef] [PubMed]

106. Müller, G.; Wied, S.; Crecelius, A.; Kessler, A.; Eckel, J. Phosphoinositolglycan-peptides from yeast potently induce metabolic
insulin actions in isolated rat adipocytes, cardiomyocytes and diaphragms. Endocrinology 1997, 138, 3459–3475. [CrossRef]

107. Kessler, A.; Müller, G.; Wied, S.; Crecelius, A.; Eckel, J. Signalling pathways of an insulin-mimetic phosphoinositolglycan-peptide
in muscle and adipose tissue. Biochem. J. 1998, 330, 277–286. [CrossRef] [PubMed]

108. Müller, G. The molecular mechanism of the insulin-mimetic/sensitizing activity of the antidiabetic sulfonylurea drug Amaryl
(review). Mol. Med. 2000, 6, 907–933. [CrossRef] [PubMed]

109. Müller, G.; Welte, S. Caveolae are the targets for the insulin-independent blood glucose-decreasing activity of the sulfonylurea
glimepiride. Diabetol. Prakt. 2001, 2 (Suppl. B), 45–55.

110. Müller, G.; Welte, S. Lipid raft domains are the targets for the insulin-independent blood glucose-decreasing activity of the
sulfonylurea glimepiride. Rec. Res. Develop. Endocrinol. 2002, 3, 401–423.

111. Loureiro, Z.Y.; Solivan-Rivera, J.; Corvera, S. Adipocyte heterogeneity underlying tissue functions. Endocrinology 2022,
163, bqab138. [CrossRef]

112. Ben-Moshe, S.; Itzkovitz, S. Spatial heterogeneity in the mammalian liver. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 395–410.
[CrossRef]

113. Cherkas, A.; Holota, S.; Mdzinarashvili, T.; Gabbianelli, R.; Zarkovic, N. Glucose as a major antioxidant: When, what for and why
it fails? Antioxidants 2020, 9, 140. [CrossRef] [PubMed]

114. Bertheuil, N.; Chaput, B.; Menard, C.; Varin, A.; Laloze, J.; Watier, E.; Tarte, K. Adipose mesenchymal stromal cells: Definition,
immunomodulatory properties, mechanical isolation and interest for plastic surgery. Ann. Chir. Plast. Esthet. 2019, 64, 1–10.
[CrossRef] [PubMed]

115. Manea, E. A step closer in defining glycosylphosphatidylinositol anchored proteins in health and glycosylation disorders. Mol.
Genet. Metab. Rep. 2018, 16, 67–75. [CrossRef] [PubMed]

116. Müller, G.A. Membrane insertion and intracellular transfer of glycosylphosphatidylinositol-anchored proteins: Potential thera-
peutic applications. Arch. Physiol. Biochem. 2020, 126, 139–156. [CrossRef] [PubMed]

117. Bonfilio, R.; de Araujo, M.B.; Salgado, H.R.N. A review of analytical techniques for determination of glimepiride: Present and
perspectives. Ther. Drug Monit. 2010, 32, 550–559. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/S0021-9258(18)41995-3
http://www.ncbi.nlm.nih.gov/pubmed/1322896
http://doi.org/10.1210/endo.138.8.5308
http://doi.org/10.1042/bj3300277
http://www.ncbi.nlm.nih.gov/pubmed/9461521
http://doi.org/10.1007/BF03401827
http://www.ncbi.nlm.nih.gov/pubmed/11147570
http://doi.org/10.1210/endocr/bqab138
http://doi.org/10.1038/s41575-019-0134-x
http://doi.org/10.3390/antiox9020140
http://www.ncbi.nlm.nih.gov/pubmed/32033390
http://doi.org/10.1016/j.anplas.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30126741
http://doi.org/10.1016/j.ymgmr.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30094187
http://doi.org/10.1080/13813455.2018.1498904
http://www.ncbi.nlm.nih.gov/pubmed/30445857
http://doi.org/10.1097/FTD.0b013e3181eea55a
http://www.ncbi.nlm.nih.gov/pubmed/20736895

	Introduction 
	Results 
	Stimulation of Basal Glycogen Synthesis upon Transfer of GPI-APs Depends on Their Localization at the PMs of the Acceptor ELCs 
	Insulin and Antidiabetic SUs Inhibit Both GPI-AP Transfer to and Transfer-Induced Glycogen Synthesis in Acceptor ELCs 
	Insulin and SU inhibition of GPI-AP Transfer and Transfer-Induced Glycogen Synthesis Is Controlled by Serum 
	Full-Length GPI-APs Displaced from Serum Proteins by PIG(-Proteins) Are Transferred to and Stimulate Glycogen Synthesis in Acceptor Cells 

	Discussion 
	Residence at PMs of Transferred GPI-APs as a Prerequisite for the Induction of Anabolic Effects 
	“Indirect” Transfer of GPI-APs and Its Control by Insulin and SUs 
	Contribution of the “Indirect” Intercellular Transfer of GPI-APs to Insulin and SU Action 
	The Interplay between the “Indirect” and the “Direct” Modes of GPI-AP Transfer 

	Materials and Methods 
	Ethical Approval 
	Transwell Co-Culture of Human Adipocytes and GPI-Deficient ELCs 
	Assay of GPI-AP Transfer 
	Assay of Glycogen Synthesis 
	siRNA Transfection of Human Adipocytes 
	Immobilization of Anti-GPLD1 Antibody at the Chip Surface 
	Statistical Analysis 
	Miscellaneous 

	Conclusions 
	References

