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Abstract

There are currently no approved therapeutic treatments targeting metabolic dysfunction-
associated steatotic liver disease (MASLD). Albumin, a liver-produced plasma protein
with anti-inflammatory and antioxidant properties, is reduced in advanced liver disease.
Considering the role of chronic obesity-induced inflammation in MASLD pathogenesis,
we investigated whether albumin administration could prevent disease progression to
metabolic dysfunction-associated steatohepatitis (MASH). MASLD was induced in mice us-
ing a high-fat and high-cholesterol (PC) treatment for 8 weeks, followed by treatment with
bovine serum albumin (BSA; 0.8 mg/kg) every three days for another 8 weeks. This regimen
prevented time-dependent weight gain, regardless of diet, with 57% and 27% reductions in
mice fed a standard chow (Std Chow) or PC diet, respectively. Further, supplementation
reduced nuclear factor kappa B (NF-κB) activation by 2.8-fold (p = 0.0328) in PC-fed mice,
consistent with albumin’s known anti-inflammatory properties. Unexpectedly, albumin
also reduced hepatic neutral lipid accumulation and circulating non-esterified fatty acids.
While PC-fed mice did not exhibit full progression to MASH, albumin treatment signifi-
cantly increased hepatic matrix metalloproteinase-2 expression, suggesting the inhibition
of early fibrotic signalling. While further studies are needed to elucidate the underlying
mechanisms, these findings offer new insight into the potential of albumin, either alone or
in combination with other therapies, to reduce hepatic steatosis in MASLD.
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1. Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly non-

alcoholic fatty liver disease, is a broad term that refers to liver conditions associated
with excess fat accumulation in the liver (steatosis) in the context of metabolic dysfunction.
It falls under the umbrella of steatotic liver disease (SLD), which refers to hepatic steatosis
in the absence of significant alcohol consumption. The simplest and most benign form
of SLD is isolated hepatic steatosis, which involves fat accumulation in the liver without
accompanying inflammation or hepatocellular injury [1]. Indeed, given its link with obesity,
the accumulation of fatty acids in the liver, subsequent increases in hepatic inflammation,
and associated insulin resistance, SLD is generally viewed as the hepatic component of the
metabolic syndrome [1,2]. The diagnosis of the pathological form of the disease, known
as metabolic dysfunction-associated steatohepatitis (MASH), is defined as the presence
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of more than 5% hepatic fat and hepatic injury/ballooning [3]. An additional hallmark
of this progression to MASH, from MASLD, is the presence of tissue scarring, with liver
fibrosis being the main determinant of mortality [4]. Coupled with hepatic ballooning and
inflammation, the resultant pathology can lead to irreversible cirrhosis.

It is now well established that low levels of serum albumin are predictive of hepatic-
related mortality and morbidity in patients with MASLD [5–11], leading to the suggestion
that albumin could be an early biomarker for diseases of liver disfunction [12]. Already,
albumin is used as an indicator for advanced disease, with low levels a determining
factor to perform a diagnostic liver biopsy [13,14]. Furthermore, human albumin has anti-
inflammatory and antioxidant properties [15–17], the recognition of which has led to the
initiation of a clinical trial to investigate changes to these markers in sepsis patients follow-
ing administration of albumin (NCT03950778). In addition to this, plasma albumin levels
have been shown to inversely correlate with weight, and has been suggested as an indicator
for the development of type 2 diabetes [18,19]. Lastly, albumin is used as an intravenous
treatment to extend plasma in hepatorenal syndrome, which can be a vascular-related
complication of cirrhosis [20,21], making this already approved therapeutic ideal to be re-
purposed for treatment of other diseases. To our knowledge, therapeutic administration of
albumin for MASLD has not been investigated, despite its inverse association with disease
severity, and its well-established anti-inflammatory and antioxidant properties. Therefore,
we questioned whether raising serum albumin levels through parenteral administration
could have a therapeutic effect on MASLD and potentially prevent its progression to MASH.
To achieve this, male C57BL/6 mice were placed on a diet of either standard chow (Std
Chow) or a high-fat and cholesterol diet (PC) before being receiving intraperitoneal (i.p.)
bovine serum albumin (BSA). Weight, metabolic function, hepatic steatosis and inflamma-
tion were then assessed. We showed that administration of BSA, dramatically prevented
weight gain in a murine model of MASLD, and reduced hepatic inflammation.

2. Results
2.1. BSA Treatment Prevented Diet-Induced Weight Gain, However Had No Effect on Glucose
Homestasis

PC fed mice had a 1.5-fold increase in body weight compared to Std chow fed mice
(Figure 1A,B; p = 0.0356), with no difference in food intake observed between the groups
(Figure 1C,D). Interestingly, mice fed the PC diet showed slightly reduced plasma ghrelin
concentrations, despite gaining significantly more weight, as compared to the standard
chow-fed mice (Figure 1E), but showed no differences in leptin concentrations (Figure 1F).
Treatment of the PC-fed mice with BSA resulted in 27% less weight gain (Figure 1B;
p = 0.0575) resulting in body weights equivalent to that observed in the non-treated Std
Chow fed mice. However, there was no difference in ghrelin or leptin concentration, nor
the weight of either epididymal or retroperitoneal fat after BSA treatment compared to
the tissue harvested from mice fed the PC diet (Figure 1G,H). Similarly, mice fed the Std
Chow and treated with BSA gained 56.6% less weight than their non-treated counterparts
(Figure 1B; p = 0.0019). In contrast to the mice fed the PC diet, this decrease in body
weight was associated with slightly reduced plasma leptin (Figure 1F), and significantly
less epididymal (Figure 1G; p = 0.0380) and visceral fat (Figure 1H; p = 0.0375) compared to
the untreated mice.
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Figure 1. Body weight and visceral fat mass over 16 weeks. Mice were fed either a standard chow or
high-fat, high-palmitate, and high-cholesterol diet for 8 weeks. At this timepoint, a subset of mice
was treated with intraperitoneal injections of bovine serum albumin (BSA) delivered every three
days for another 8 weeks (as indicated by arrow in (A)). (A–D) Mice were weighed weekly and their
food intake was monitored. Plasma (E) ghrelin and (F) leptin concentrations were measured and
(G,H) fat pads were weighed at the end of the 16 weeks. Results are mean ± standard deviation
(SD) (n = 5–10), with significant differences determined by one-way ANOVA with Tukey’s post hoc
analysis for normally distributed data; non-parametric one-way ANOVA with Dunn’s post hoc
analysis for non-normally distributed data. * p < 0.05; ** p < 0.01. (C,D) Food intake measured for
whole cages for 2 independent animal cages.

As weight-gain is commonly associated with perturbed glucose metabolism and
insulin resistance (IR), leading to MASLD, we next investigated if the profound weight
reduction recorded in the BSA treated mice translated to an improved metabolic status.
The development of IR as a consequence of high-fat-diet-induced obesity was confirmed
by glucose tolerance test (GTT), where predictably, the mice on the PC diet showed a
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significant impairment in glucose tolerance compared to Std chow-fed mice (Figure 2A,B;
p < 0.0001). Despite the large differences in gross weight, mice treated with BSA showed
no difference in their intolerance to glucose compared to mice on the PC diet (p = 0.1514).
Although slightly increased, PC-fed mice did not develop IR as determined by insulin
tolerance test (ITT), and consistent with the results for the GTT, treatment with BSA did
not change the sensitivity to insulin (Figure 2C,D). To further determine any differences in
glucose metabolism at the experimental endpoint, plasma was collected, and fasting levels
of glucose and insulin were measured. Hyperglycaemia without hyperinsulinemia was
evident in the PC-fed mice as compared to the Std chow-fed mice (Figure 2E,F; p = 0.0043
and p = 0.2208, respectively). Consistent with the ITT and GTT assays, treatment with BSA
had no significant effect on either of these measures of metabolism. Further, the effect of
BSA treatment on other hormones involved in glucose metabolism was assessed.

Figure 2. BSA treatment has no effect on metabolic outcomes. (A) A glucose tolerance test (GTT)
was performed on 5 h fasted mice, where blood glucose was measured over 2 h and the (B) area
under the curve (AUC) was calculated (n = 7–10). Similarly, (C) an insulin tolerance test (ITT) was
performed, and the (D) AUC was calculated (n = 6–10). (E) Fasting blood glucose concentrations
were measured from whole blood (n = 10), and (F) insulin (G) resistin, (H) plasminogen activator
inhibitor-1 (PAI-1), (I) gastric inhibitory polypeptide (GIP) and (J) glucagon (n = 5–10) concentrations
were measured from fasting plasma collected at the experimental endpoint. Results are mean ± SD,
with significant differences determined by one-way ANOVA, with Tukey’s post hoc analysis used
for normally distributed data; non-parametric one-way ANOVA, with Dunn’s post hoc used for
non-normally distributed data. ** p < 0.01; **** p < 0.0001.
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The concentration of plasminogen activator inhibitor 1 (PAI-1; p = 0.1004) was in-
creased as a result of the PC diet, as expected, with no effect of BSA treatment (Figure 2H).
No changes in concentrations of resistin, (Figure 2G), gastric inhibitory polypeptide (GIP;
Figure 2I), or glucagon (Figure 2J) were seen for either diet or BSA treatment.

2.2. BSA Treatment Reversed Hepatic Fat Accumulation

Correlating with the changes in glucose metabolism (Figure 2), mice on the PC diet
showed a significant increase in liver weight as compared to the mice fed the Std Chow
(Figure 3A; p = 0.0006). Histological analysis using haematoxylin and eosin (H&E) staining
revealed hepatocyte ballooning in PC diet mouse livers with a 3.4-fold increase in the
deposition of fat (Figure 3B,C; p < 0.0001). This finding is supported by quantitative lipid
Oil Red O assay that showed a 1.7-fold increase in neutral lipid (triglyceride plus cholesterol
esters) accumulation in the livers of the PC-fed mice compared to the livers from mice
on the Std Chow (Figure 3D; p = 0.0878). Although the treatment of PC-fed mice with
BSA reduced the percentage of steatosis in liver tissue, this did not reach significance
(Figure 3C; p = 0.2716). However, the administration of BSA did significantly reduce the
lipid accumulation in the Std Chow diet mouse livers (Figure 3D; p = 0.0321).

Alanine aminotransferase (ALT) is an enzyme released by the liver in response to
liver damage, and is upregulated in MASLD [22]. A clear increase in ALT activity was
shown in the mice on the PC diet compared to that of mice on the Std Chow diet (Figure 3E;
p = 0.015). Although the BSA treatment decreased ALT activity in both diets compared to
their respective controls, significance was not reached.

To investigate the mechanisms by which BSA treatment might be altering the levels of
fats and lipids accumulating in the liver tissue, the protein levels of key enzymes involved in
de novo lipogenesis were quantified. Fatty acid synthetase (FASn) catalyses the conversion
of malonyl-CoA to palmitoyl-CoA. Upstream of this reaction, acetyl-CoA carboxylase
(ACC), in its unphosphorylated state, catalyses the conversion of acetyl-CoA to malonyl Co-
A, in what is often referred to as the rate limiting step in de novo lipogenesis. The PC diet
and subsequent BSA treatment, had no effect on the levels of ACC or FASn (Figure 3F,G).

In addition to de novo synthesis of lipids within the liver, circulating lipids also con-
tribute to the accumulation of fat in the liver. Accordingly, circulating non-esterified fatty
acids (NEFA) and triglycerides were measured in the plasma of all mice at the experi-
mental endpoint. Although there was no significant difference in the levels of plasma
triglyceride between any treatment or diet group (Figure 3H), there was an increase in
plasma NEFAs as a result of the PC diet, which was significantly reduced by BSA treatment
(Figure 3I; p = 0.0184).

2.3. BSA Treatment Decreased Hepatic Inflammation

In MASLD, hepatic steatosis is present without evidence of inflammation, whereas
when progressed to MASH, hepatic steatosis is associated with lobular inflammation
and apoptosis that contributes to fibrosis and cirrhosis. Protein kinase B (AKT) has been
shown to activate the NF-κB pathway via mammalian target of rapamycin (mTOR) in
inflammatory disease models [23–26]. The transcription factor NF-κB is a key promoter
of pro-inflammatory cytokine expression and is activated when phosphorylated. Thus,
aligning with the expectation that prolonged steatosis results in hepatic inflammation,
livers from mice fed the PC diet showed increased the levels of the phosphorylated AKT
compared to tissue the mice fed the Std Chow diet (Figure 4A; p = 0.1976). Treatment of the
PC-fed mice with BSA reduced this phosphorylation, although not significantly (p = 0.1528).
Consistent with this, the phosphorylation of NF-κB was increased in the livers of mice on
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the PC diet compared to those of mice fed the Std Chow (Figure 4B). The treatment of mice
with BSA significantly reduced this activation of NF-κB by 2.8-fold (p = 0.0328).

Figure 3. BSA treatment reduces hepatic fat accumulation. (A) Livers were weighed at the experi-
mental endpoint. (B) Fixed liver samples were stained with haematoxylin and eosin. (C) Vacuoles
observed on the histological sections indicate lipid droplets and were quantified to show the per-
centage steatosis (n = 6–10). (D) Frozen liver samples were homogenised and stained for neutral
lipids with Oil Red O (n = 9–10). Data points are presented as optical density (OD) per mg of tissue,
then normalised to Std Chow. (E) Plasma collected at the experimental endpoint was assayed for
alanine aminotransferase (ALT) activity (n = 4–7). Total protein was extracted from frozen livers
at the experimental endpoint and expression levels were assessed using Western blot (n = 8–10).
(F) Acetyl-coA carboxylase (ACC); (G) fatty acid synthetase (FASn). ACC and FASn normalised
to total protein; representative protein band shown. Plasma collected at the experimental end-
point was assayed for (H) triglyceride (n = 8–10) and (I) non-esterified fatty acids (NEFA) levels
(n = 8–10). Results are mean ± SD, with significant differences determined by one-way ANOVA
with Tukey’s post hoc analysis for normally distributed data; non-parametric one-way ANOVA with
Dunn’s post hoc for non-normally distributed data. Magnification ×10, scale bar—50 µm. * p < 0.05;
*** p < 0.001; **** p < 0.0001.
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Figure 4. BSA treatment effect on measures of inflammation. Protein expression levels of (A) protein
kinase B (AKT) and (B) nuclear factor-κB (NF-κB) were assessed by Western blot analysis from
frozen liver samples (n = 6–10). Results are mean ± SD, with significant differences determined by
non-parametric one-way ANOVA with Dunn’s post hoc for non-normally distributed data. * p < 0.05.

2.4. BSA Treatment of Mice Enhances the Expression of Genes Associated with Fibrotic Pathways

The combination of increased steatosis and inflammation in the liver causes MASLD
to progress to MASH, the more advanced form of disease, which presents with liver
fibrosis. The combined reduction in steatosis and liver inflammation as a result of the
BSA treatment suggested that the transition from MASLD to MASH may be prevented.
However, despite an expectation that the PC diet would result in pathology characteristic
of MASH with fibrosis, staining sections of liver tissue with Picro Sirius Red showed no
significant evidence of fibrotic change in the livers of any mice (Figure 5A,B). To explore
this further, the expression levels of two genes that are involved in the biological pathways
leading to fibrosis were measured. Transforming growth factor-β (TGF-β) is an initiator
of fibrosis, production of which correlates to fibrosis progression, promoting downstream
secretion of extracellular matrix (ECM) proteins [27]. Matrix metalloproteinases (MMP)-2
has anti-fibrotic effects, as MMP2−/− mice show increased type 1 collagen expression,
although the mechanism by which this happens is unclear [28].

While the PC diet had no effect on MMP2 expression (Figure 5C), it did lead to an
increased expression of TGF-β mRNA in liver tissue compared to Std Chow-fed mice
(Figure 5D), although significance was not reached (p = 0.0540). Treatment of PC-fed mice
with BSA resulted in a slight increase in TGF-β gene expression, and a 2.7-fold increase in
MMP2 gene expression (Figure 5C; p = 0.0249). BSA treatment of Std Chow-fed mice also
resulted in a significant increase in TGF-β gene expression (Figure 5D; p = 0.0030), and a
modest increase in MMP2 (Figure 5C).
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Figure 5. PC diet did not induce hepatic fibrosis. (A) Fixed livers were stained with Picro Sirius Red
for fibrosis, and (B) the percentage fibrotic area was calculated (n = 8–10). Total RNA was extracted
from liver samples and mRNA gene expression levels were assessed using RT-qPCR (n = 8–10).
(C) Transforming growth factor-β (TGF-β); (D) Matrix metalloproteinase-2 (MMP2). Results are
mean ± SD, with significant differences determined by one-way ANOVA with Tukey’s post hoc
analysis for normally distributed data. Magnification ×10, scale bar—200 µm. * p < 0.05; ** p < 0.01.

3. Discussion
Despite being the leading cause of liver disease and with a global prevalence of

approximately 30%, and 10-year projections suggesting this could rise to more than 55%,
there remains no specific pharmacological intervention for treatment of MASLD, formerly
non-alcoholic fatty liver disease [29,30]. Further, approximately one third of patients with
MASLD progress to MASH, although the true value is largely unknown due to the fact that
for those patients who voluntarily undergo liver biopsies to diagnose MASH, MASH is
already suspected [31]. Therefore, it is imperative to find a pharmacological solution for
when non-pharmacological treatments fail to prevent pathological disease progression and
reverse MASLD. Weight loss is the first-line treatment recommended for MASLD [13,14].
Even short-term weight loss has been shown to decrease inflammatory markers and waist
circumference [32,33], both of which contribute to the development of insulin resistance.
However, it has been reported that less than 50% of people are successful in achieving the
necessary loss of ≥7% body weight required for a beneficial effect on liver health [34]. For
these patients it has been suggested that they are offered anti-obesity medications as adjunct
therapy to lifestyle changes to reduce the risk of MASLD-related disease progression [35].
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There are currently seven FDA-approved weight loss prescription medications; however,
all have unpleasant gastrointestinal side effects, as well as other side effects ranging from
mild dry-mouth to the severe depression and suicidal ideation [35,36]. In contrast to this,
adverse reactions to intravenous albumin are generally mild and transient, and usually
disappear when infusion is stopped [37–39]. Reduced plasma albumin has been associated
with increased body weight and impaired glucose regulation [18,19]. Additionally, low
plasma albumin correlated with prediction of development of type 2 diabetes [19], while
not diagnostic, can be an indicator of advanced disease progression [13,14] and is already
clinically approved, suggesting warranted investigation to determine whether restoring
albumin levels by could prevent disease progression. Therefore, we sought to determine
whether parenteral administration of albumin would confer protection against weight gain
and glucose impairment induced by a high fat/high cholesterol diet. Accordingly, to our
knowledge, this is the first study to demonstrate the anti-obesity effect of BSA and to show
that BSA treatment reduced hepatic fat accumulation to improve liver function.

In this study, we showed a remarkable reduction in weight gain of mice receiving
BSA irrespective of whether they were fed Std Chow or the high fat/high cholesterol
diet. However, only mice fed the Std Chow and treated with BSA showed a correlating
weight reduction in the mass of the visceral fat pads. One possibility for this observation
is that weight loss occurs in specific fat depositories first. In addition to the two fat pads
measured here, the subcutaneous fat, as well as the weight of fat surrounding internal
organs, contribute to overall body weight. Given that BSA-treated mice fed Std Chow
gained less gross body weight which, reflected as reduced epididymal and retroperitoneal
fat weight, while BSA-treated mice fed the PC diet also gained less gross body weight,
but with reduced liver weight instead of fat loss in those depots, this suggests that BSA
treatment may initially target alternative fat depots, as well as the subcutaneous fat depots,
for weight loss. This possibility was supported by analysis of the liver where gross liver
weight reduction in BSA treated PC-fed mice showed concurrent reduction in steatosis,
whereas there was no difference in gross liver weight or steatosis between BSA treated and
untreated Std Chow-fed mice. Mechanistically, this finding suggests that as a supplement,
albumin may enhance weight loss. While there is some debate [40], it has been acknowl-
edged that protein enriched diets can lead to greater improvements in weight loss [41,42];
however, it is unknown whether albumin specifically contributes. The mechanism behind
protein-induced weight loss has been proposed to be simply a result of satiation from the
protein, and therefore weight loss occurs due to reduced caloric intake [43]. Research into
the specific effect of plasma albumin on food intake found that reduced albumin levels were
associated with increased food intake [18]. Recording the weight difference in food hoppers
over 24 h showed no significant changes in food intake, although significant wastage of
food was also recorded where the animals pulled the food out of the hopper, but did not
consume it. Regardless, a slight decrease in food consumption by BSA-treated Std chow-fed
mice, compared to the untreated control, suggests that there might be the inverse effect,
where supplemented albumin reduces food intake. Interestingly, leptin, a hormone which
is known to suppress appetite, was also reduced only in Std chow-fed BSA treated mice
suggesting that reduced food consumption could, in part, explain the reduced weight of
this group. Further investigation will be required to determine the mechanism by which
BSA is affecting weight loss.

In addition to the simple deposition of fat in organs as a result of increased dietary
intake, the accumulation of lipids in the liver is enhanced by activation of the de novo
lipogenesis pathway. However, the observation that neither the expression of FASn or the
phosphorylation of ACC were increased in the liver tissue from the PC-fed mice indicated
that the hepatic steatosis in this murine model was not occurring through the de novo
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lipogenesis pathway. While unexpected, it has been reported that de novo lipogenesis is
responsible for only 26% of hepatic triglyceride in MASLD patients. Instead, the plasma
NEFA pool, emanating from the adipose tissue, contributes 60% of the triglyceride content
of the liver of MASLD patients [44]. As adipose becomes insulin resistant, it does not
respond to the lipolysis-suppressive effects of insulin, raising the levels of circulating
NEFA, which can then accumulate in the liver. The administration of BSA to mice reduced
the hyperinsulinemia caused by the PC diet, which conceivably increased the insulin
sensitivity of the adipose tissue, normalising lipolysis and thus reducing circulating NEFA,
translating to reduced triglyceride accumulation in the liver.

The accumulation of fat in the liver and insulin resistance contribute to the initiation
of pro-inflammatory immune responses, which results in the development of fibrosis, a
hallmark feature of MASH, that can then subsequently progress to cirrhosis [45]. In this
study, the predominant transcriptional activator of pro-inflammatory cytokines (NF-κB)
was shown to be activated in the liver of PC-fed mice. Treatment with BSA resulted in
the downregulation of NF-κB activation indicating a decrease in hepatic inflammation.
Albumin is a known antioxidant with immunomodulatory properties which are regu-
larly clinically relied upon for the treatment of cirrhosis [46–50]. Albumin modulates
oxidative stress by increasing glutathione, thereby reducing TNF-mediated NF-κB activa-
tion [15,51,52]. In patients with decompensated cirrhosis, treatment with human serum
albumin was shown to reduce the degree of systemic inflammation via the inhibition of the
NF-κB pathway [53,54].

Moreover, our findings align with the role of albumin in hepatic protection, as demon-
strated by its ability to safeguard the liver from TNF-induced injury, much like its demon-
strated capacity to reduce LPS-mediated production of TNF following preconditioning of
mice with albumin [54–56]. Furthermore, albumin administration has been shown to reduce
inflammation and oxidative stress in models of high-fat feeding and acute injury [57,58].
One recently proposed explanation for this is circulating fatty acid and its effect on albumin
oxidation capacity. Uzelac et al. recently showed that increasing the ratio of albumin to fatty
acids had a negative effect on antioxidant activity, and suggested that this may contribute
to the increased oxidative stress in conditions where fatty acids and glucose are increased,
such as in type 2 diabetes [59].

Given the reduction in steatosis and inflammation induced by BSA treatment, it
was expected that this would translate to the prevention of the progression to fibrosis.
Unfortunately, the PC diet did not induce fibrosis; however, did it result in an upregulation
of TGF-β, a gene that is instrumental in the induction of ECM [27]. The further enhancement
of TGF-β expression after treatment with BSA in not only the PC-fed, but also the Std
Chow-fed mice was surprising. However, independently of its role in the initiation of
fibrosis, TGF-β has also been shown to have anti-inflammatory and anti-fibrotic functions
where TGF-β secreted from CD4+ T regulatory cells induced IL-10 secretion which in turn
regulated TGF-β-mediated fibrosis [60]. Further, MMP2, a type IV collagenase typically
associated with fibrosis, was also increased in both BSA treatment groups. However,
independently of its role in the initiation of fibrosis, TGF-β has also been shown to have anti-
inflammatory and anti-fibrotic functions where TGF-β secreted from CD4+ T regulatory
cells induced IL-10 secretion which in turn regulated TGF-β-mediated fibrosis [60]. Further,
MMP2, a type IV collagenase typically associated with fibrosis, was also increased in both
BSA treatment groups. While most MMPs disrupt basement membranes and allow for
inflammatory cells to be easily recruited to the site of injury, MMP2 can also suppress
the expression of collagen 1 and is thus considered to be anti-fibrotic. Indeed, it has been
demonstrated that in MMP2−/− mice, fibrosis was doubled compared to control mice [61].
Based on these observations, it can be postulated that the effect of BSA on TGF-β observed
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in our study may be a negative feedback loop necessary for the protection of the liver
through activation of the anti-fibrotic properties of MMP2.

4. Materials and Methods
4.1. Animal Husbandry

Seven-week-old C57BL/6 male mice (n = 40) were purchased from Australian Biore-
sources (Sydney, Australia) and housed in a 12 h light/dark cycle with the room tempera-
ture 22 ± 2 ◦C in filtered Greenline GM500 cages containing Alpha-Dri® bedding (Shepherd
Specialty Papers, Milford, NJ, USA). To ensure optimal animal welfare, a maximum of
5 mice, and a minimum of 2, were housed per cage, and environmental enrichment in the
form of nesting materials, cardboard tubes, wooden climbing blocks, and mouse houses.
All animal procedures were approved by the University of Technology Animal Care and
Ethics Committee (Ethics approval number: UTS ACEC ETH18-2248.

4.2. Animal Model of Metabolic Dysfunction-Associated Steatotic Liver Disease

Mice were allowed to acclimate for 1 week before they were randomised into two
groups (n = 20) and transitioned to ad libitum feeding on either standard chow (Std Chow;
68.3% carbohydrate, 4.1% fat; TD.94048, Biological Associates, Sydney, Australia) or a diet
that is high in fat to induce MASLD (Palmitic acid-cholesterol diet [PC]; 46.2% carbohydrate,
29.0% fat; TD.160785, Biological Associates, Sydney, Australia). After 8 weeks of feeding,
a subset of mice (n = 10) from each group received bovine serum albumin (BSA; Sigma
Aldrich, Sydney, Australia) dissolved in saline (0.8 mg/kg) via intraperitoneal (i.p.) in-
jection every three days for the next 8 weeks of their diets (Figure 6). At weeks 14 and
15, intraperitoneal GTT and ITT were performed, respectively. This experimental time
frame was chosen as male C57BL/6 mice have been shown to have increased fat mass and
adiposity following 8 weeks of high fat diet feeding [62]. Further, by 15 weeks high fat
diet feeding, mice exhibited impaired basal insulin and glucose tolerance, compared to
only 3 weeks on a high fat diet [63]. At the experimental endpoint (16 weeks on diets in
total), the animals were fasted for 5 h before they were euthanised by cardiac puncture
after full anaesthesia has been achieved using isoflurane. Liver and visceral fat pads were
weighed, and portions of tissue were fixed in 4% paraformaldehyde or snap frozen in liquid
nitrogen for downstream analysis. Whole blood was collected in heparinised syringes and
centrifuged (13,000× g for 5 min) for the collection of plasma, which was stored at −20 ◦C.

4.3. Measurement of the Metabolic Status of Animals

To determine the effect of the diet and the BSA treatment on glucose metabolism,
i.p. GTTs and ITTs were performed. Briefly, for the GTT, mice were fasted for 5 h before
basal blood glucose readings were taken using a Accu-Check Performa (Roche Diagnos-
tics, Indianapolis, IN, USA). A bolus of glucose was then administered via i.p. injection
(2g D-glucose/kg body weight) before measurement of the blood glucose at 15, 30, 60
and 120 min post injection. Similarly, for the ITT, NovoRapid® insulin (Novo Nordisk
Pharmaceuticals Pty Ltd., Sydney, Australia) was delivered via i.p. injection (0.001 IU/g
mouse) and blood glucose levels monitored over 120 min. The area under the curve (AUC)
of glucose concentration was calculated for each mouse. Fasting insulin, resistin, gastric
inhibitory polypeptide (GIP), plasminogen activator inhibitor-1 (PAI-1), glucagon, ghrelin
and leptin concentration in plasma were measured using a commercial multiplex assay
system (Bio-Plex ProTM Mouse diabetes panel, Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s instructions.
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Figure 6. Experimental design of metabolic dysfunction-associated steatotic liver disease (MASLD)
model. Mice were fed a diet of either standard chow or diet to induced MASLD (PC diet) commencing
in week 1 of the diet. Treatment of mice began in the 8th week of the diet. In weeks 14 and 15 of the
diet, an intraperitoneal GTT and intraperitoneal ITT were performed, respectively. Animals were
euthanized and tissue harvested in the 16th week of the diet.

4.4. Biochemical Analysis of Plasma

Alanine aminotransferase activity was measured in collected plasma using a commer-
cially available assay kit (BioVision Inc., Milpitas, CA, USA) and non-esterified fatty acids
(NEFA) were quantified in the plasma using the LabAssayTM NEFA assay kit (FUJIFILM
Wako Chemicals USA Corporation, Richmond, VA, USA).

Intrahepatic neutral lipid accumulation assay Intrahepatic neutral lipid was assessed
as previously described [64]. Briefly, 80–100 mg of liver tissue was homogenised in 1 mL
of Oil Red O working solution (1:1.5 Oil Red O stock, [ProSciTech, Townsville, QLD,
Australia]: 1% dextrin [Sigma Aldrich, Sydney, Australia]) with 1.4 mm Zirconium oxide
beads (Precellys 24, Montigny-le-Bretonneux, France) using a Minilys (Bertin Technologies,
Montigny-le-Bretonneux, France). Samples were then vortexed for 15 min to ensure even
distribution of stain through the tissue, then centrifuged at 12,300× g for 2 min, and the
supernatant removed. Oil Red O stain was extracted using 500 µL 99% isopropanol and
100 µL of each sample was transferred to a 96 well plate and the absorbance read at 520 nm.
The fold change in Oil Red O staining per gram of tissue normalised to the Std Chow was
then calculated.

4.5. Histological Examination of Liver Tissue

Fixed tissue samples were processed and embedded in paraffin. Paraffin embedded
sections were cut at 5 µm, were deparaffinized, then were rehydrated and routine H&E
staining was carried out for the determination of hepatic steatosis [65]. Picro Sirius red
staining was used for the determination of fibrosis, where collagen depositions are stained
red [66]. Briefly, rehydrated sections were incubated in the Picro Sirius Red stain (Abcam,
Cambridge, UK) at room temperature for 60 min. Slides were then washed with the
supplied acetic acid solution twice, followed by a wash in 100% ethanol. Slides were then
dehydrated, mounted and cover slipped.

For quantification, slides were visualised on a BX51 Upright Fluorescence Microscope,
and three field of views of each section, with three sections per animal (nine images total,
per animal), were imaged at 10× magnification. Percentage fat and percentage fibrosis
were calculated using the threshold function on Fiji (version 6.4) [67].
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4.6. Western Blot Analysis

Whole protein lysate was extracted from 30 to 40 mg of frozen livers using RIPA lysis
buffer (1% IGEPAL, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM Tris, pH 8).
Total protein samples (15 µg) were resolved on a 4–15% Mini Protean TGX stain free protein
gel (Bio-Rad Laboratories, Hercules, CA, USA), then transferred to a PVDF membrane,
and blocked with skim milk (5% v/v in 1X TBST) for 2 h at room temperature. Blots
were then incubated with primary antibodies (Supplementary Table S1) overnight at 4 ◦C.
After washing with TBST (3X), the membranes were incubated with the relevant secondary
antibody (Supplementary Table S1) conjugated to HRP for 2 h at room temperature. Proteins
were then visualised using ECL substrate (Bio-Rad Laboratories, Hercules, CA, USA) and
a Bio-Rad Chemidoc Imaging SystemTM. Band intensity was quantified using Fiji or
normalised to the total protein using the Bio-Rad Image Lab software 6.0.

4.7. Quantification of Gene Expression Using RT-qPCR

Total RNA was extracted from 40 mg of frozen tissues using TriSure reagent (Meridian
Bioscience, Bioline Reagents, Inc., Taunton, MA, USA). RNA (800 ng/µL) was then reverse
transcribed using the Tetro cDNA Synthesis Kit (Meridian Bioscience, Bioline Reagents,
Inc., Taunton, MA, USA) and Bio-Rad T100TM Thermocycler. Gene expression levels
(primer sequences are in Supplementary Table S2) were then quantified using SYBR green
(Meridian Bioscience, Bioline Reagents, Inc., Taunton, MA, USA) using the Bio-Rad CFX96
thermocycler. Relative changes in mRNA levels were determined by the 2∆∆CT method [68],
using β-actin as the reference gene.

4.8. Statistical Analysis

All results are expressed as mean ± SD. A Shapiro–Wilk test was performed to de-
termine normal distribution of data. One-way ANOVA was applied to normally dis-
tributed data with Tukey’s post hoc tests used to determine significance of the results.
Non-parametric ANOVA (Kruskal–Wallis test) was applied to non-normally distributed
data with Dunn’s multiple comparisons post hoc used to determine significance of the
results. Statistical analysis and graphical presentation performed using GraphPad PRISM
version 9.1 (GraphPad Software, San Diego, CA, USA).

5. Conclusions
In summary, the data in this study determined that treatment with BSA prevents

time-dependent weight gain, regardless of diet, and that BSA treatment can improve
obesity-induced hyperglycaemia, reduce hepatic fat accumulation, and initiate an anti-
fibrotic responses in the liver. Whilst further studies are still required to investigate the
mechanism that mediates these beneficial effects, our findings provide new insights to-
ward the development of albumin, either alone or in conjunction with other therapeutic
approaches, to reduce hepatic steatosis. This study was limited the unexpected absence of
fibrotic changes by the PC diet, and therefore, further investigation into the anti-fibrotic
effects of parenteral BSA administration should be investigated.

From a clinical perspective, albumin presents an attractive treatment option, as it
is already prescribed in the treatment of cardiovascular and renal complications from
advanced liver disease, as well as sepsis [20]. These treatments are given via intravenous
infusion. In this study, i.p. injection was chosen for the delivery of albumin due to
convenience from a laboratory perspective. Whether oral or intravenous delivery is also
efficacious in reducing total body weight will need to be investigated in future studies.



Int. J. Mol. Sci. 2025, 26, 7156 14 of 17

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26157156/s1.

Author Contributions: C.R. carried out experiments, analysed and interpreted the data and wrote
the manuscript. S.D. and K.M. conceptualised the project, designed experiments, analysed and
interpreted the data, and edited the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by an Australian Government Research Training Pro-
gram Scholarship.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Ethics Committee at the University of Technology Sydney (ETH18-2248; Approved on the
4 April 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are contained within this article.

Acknowledgments: The authors would like to acknowledge the use of BioRender.com under license
for the creation of the graphical abstract.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, E.M.; Sanyal, A.J. The diagnosis

and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of Liver
Diseases. Hepatology 2018, 67, 328–357. [CrossRef] [PubMed]

2. Radu, F.; Potcovaru, C.G.; Salmen, T.; Filip, P.V.; Pop, C.; Fierbint,eanu-Braticievici, C. The Link between NAFLD and Metabolic
Syndrome. Diagnostics 2023, 13, 614. [CrossRef] [PubMed]

3. Sheka, A.C.; Adeyi, O.; Thompson, J.; Hameed, B.; Crawford, P.A.; Ikramuddin, S. Nonalcoholic steatohepatitis: A review. JAMA
2020, 323, 1175–1183. [CrossRef] [PubMed]

4. Schuppan, D.; Surabattula, R.; Wang, X.Y. Determinants of fibrosis progression and regression in NASH. J. Hepatol. 2018,
68, 238–250. [CrossRef] [PubMed]

5. Mikolasevic, I.; Lukenda, V.; Racki, S.; Milic, S.; Sladoje-Martinovic, B.; Orlic, L. Nonalcoholic fatty liver disease (NAFLD)—A new
factor that interplays between inflammation, malnutrition, and atherosclerosis in elderly hemodialysis patients. Clin. Interv. Aging
2014, 9, 1295–1303. [CrossRef] [PubMed]

6. Charatcharoenwitthaya, P.; Lindor, K.D.; Angulo, P. The spontaneous course of liver enzymes and its correlation in nonalcoholic
fatty liver disease. Dig. Dis. Sci. 2012, 57, 1925–1931. [CrossRef] [PubMed]

7. Fierbinteanu-Braticevici, C.; Baicus, C.; Tribus, L.; Papacocea, R. Predictive factors for nonalcoholic steatohepatitis (NASH) in
patients with nonalcoholic fatty liver disease (NAFLD). J. Gastrointest. Liver Dis. 2011, 20, 153–159.

8. Rafiq, N.; Bai, C.; Fang, Y.; Srishord, M.; McCullough, A.; Gramlich, T.; Younossi, Z.M. Long-term follow-up of patients with
nonalcoholic fatty liver. Clin. Gastroenterol. Hepatol. 2009, 7, 234–238. [CrossRef] [PubMed]

9. Younossi, Z.M.; Gramlich, T.; Matteoni, C.A.; Boparai, N.; McCullough, A.J. Nonalcoholic fatty liver disease in patients with type
2 diabetes. Clin. Gastroenterol. Hepatol. 2004, 2, 262–265. [CrossRef] [PubMed]

10. Kawaguchi, K.; Sakai, Y.; Terashima, T.; Shimode, T.; Seki, A.; Orita, N.; Takeshita, Y.; Shimakami, T.; Takatori, H.; Arai, K.;
et al. Decline in serum albumin concentration is a predictor of serious events in nonalcoholic fatty liver disease. Medicine 2021,
100, e26835. [CrossRef] [PubMed]

11. Takahashi, H.; Kawanaka, M.; Fujii, H.; Iwaki, M.; Hayashi, H.; Toyoda, H.; Oeda, S.; Hyogo, H.; Morishita, A.; Munekage, K.;
et al. Association of Serum Albumin Levels and Long-Term Prognosis in Patients with Biopsy-Confirmed Nonalcoholic Fatty
Liver Disease. Nutrients 2023, 15, 2014. [CrossRef] [PubMed]

12. Sun, L.; Yin, H.; Liu, M.; Xu, G.; Zhou, X.; Ge, P.; Yang, H.; Mao, Y. Impaired albumin function: A novel potential indicator for
liver function damage? Ann. Med. 2019, 51, 333–344. [CrossRef] [PubMed]

13. Noureddin, M.; Loomba, R. Nonalcoholic fatty liver disease: Indications for liver biopsy and noninvasive biomarkers.
Clin. Liver Dis. 2012, 1, 104–107. [CrossRef] [PubMed]

14. Angulo, P.; Hui, J.M.; Marchesini, G.; Bugianesi, E.; George, J.; Farrell, G.C.; Enders, F.; Saksena, S.; Burt, A.D.; Bida, J.P. The
NAFLD fibrosis score: A noninvasive system that identifies liver fibrosis in patients with NAFLD. Hepatology 2007, 45, 846–854.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms26157156/s1
https://www.mdpi.com/article/10.3390/ijms26157156/s1
BioRender.com
https://doi.org/10.1002/hep.29367
https://www.ncbi.nlm.nih.gov/pubmed/28714183
https://doi.org/10.3390/diagnostics13040614
https://www.ncbi.nlm.nih.gov/pubmed/36832102
https://doi.org/10.1001/jama.2020.2298
https://www.ncbi.nlm.nih.gov/pubmed/32207804
https://doi.org/10.1016/j.jhep.2017.11.012
https://www.ncbi.nlm.nih.gov/pubmed/29154966
https://doi.org/10.2147/CIA.S65382
https://www.ncbi.nlm.nih.gov/pubmed/25143715
https://doi.org/10.1007/s10620-012-2098-3
https://www.ncbi.nlm.nih.gov/pubmed/22373863
https://doi.org/10.1016/j.cgh.2008.11.005
https://www.ncbi.nlm.nih.gov/pubmed/19049831
https://doi.org/10.1016/S1542-3565(04)00014-X
https://www.ncbi.nlm.nih.gov/pubmed/15017611
https://doi.org/10.1097/MD.0000000000026835
https://www.ncbi.nlm.nih.gov/pubmed/34397849
https://doi.org/10.3390/nu15092014
https://www.ncbi.nlm.nih.gov/pubmed/37432160
https://doi.org/10.1080/07853890.2019.1693056
https://www.ncbi.nlm.nih.gov/pubmed/31714153
https://doi.org/10.1002/cld.65
https://www.ncbi.nlm.nih.gov/pubmed/31186861
https://doi.org/10.1002/hep.21496
https://www.ncbi.nlm.nih.gov/pubmed/17393509


Int. J. Mol. Sci. 2025, 26, 7156 15 of 17

15. Cantin, A.M.; Paquette, B.; Richter, M.; Larivee, P. Albumin-mediated regulation of cellular glutathione and nuclear factor kappa
B activation. Am. J. Respir. Crit. Care Med. 2000, 162, 1539–1546. [CrossRef] [PubMed]

16. Taverna, M.; Marie, A.-L.; Mira, J.-P.; Guidet, B. Specific antioxidant properties of human serum albumin. Ann. Intensive Care 2013,
3, 4. [CrossRef] [PubMed]

17. Gremese, E.; Bruno, D.; Varriano, V.; Perniola, S.; Petricca, L.; Ferraccioli, G. Serum Albumin Levels: A Biomarker to Be
Repurposed in Different Disease Settings in Clinical Practice. J. Clin. Med. 2023, 12, 6017. [CrossRef] [PubMed]

18. Basolo, A.; Ando, T.; Chang, D.C.; Hollstein, T.; Krakoff, J.; Piaggi, P.; Votruba, S. Reduced Albumin Concentration Predicts
Weight Gain and Higher Ad Libitum Energy Intake in Humans. Front. Endocrinol. 2021, 12, 642568. [CrossRef] [PubMed]

19. Chang, D.C.; Xu, X.; Ferrante, A.W.; Krakoff, J. Reduced plasma albumin predicts type 2 diabetes and is associated with greater
adipose tissue macrophage content and activation. Diabetol. Metab. Syndr. 2019, 11, 14. [CrossRef] [PubMed]

20. Caraceni, P.; Tufoni, M.; Bonavita, M.E. Clinical use of albumin. Blood Transfus. Trasfus. Sangue 2013, 11 (Suppl. S4), s18–s25.
[CrossRef]

21. Angeli, P.; Labenz, C.; Piano, S.; Juanola, A.; Krag, A.; Caraceni, P.; Trebicka, J.; Maiwall, R.; Singh, V.; Pose, E.; et al. Albumin
infusion in hepatorenal syndrome-acute kidney injury: New evidence challenges recent consensus. J. Hepatol. 2025, in press.
[CrossRef] [PubMed]

22. Ma, X.; Liu, S.; Zhang, J.; Dong, M.; Wang, Y.; Wang, M.; Xin, Y. Proportion of NAFLD patients with normal ALT value in overall
NAFLD patients: A systematic review and meta-analysis. BMC Gastroenterol. 2020, 20, 10. [CrossRef] [PubMed]

23. Dan, H.C.; Cooper, M.J.; Cogswell, P.C.; Duncan, J.A.; Ting, J.P.; Baldwin, A.S. Akt-dependent regulation of NF-κB is controlled
by mTOR and Raptor in association with IKK. Genes Dev. 2008, 22, 1490–1500. [CrossRef] [PubMed]

24. Gustin, J.A.; Korgaonkar, C.K.; Pincheira, R.; Li, Q.; Donner, D.B. Akt Regulates Basal and Induced Processing of NF-κB2 (p100)
to p52. J. Biol. Chem. 2006, 281, 16473–16481. [CrossRef] [PubMed]

25. Hu, B.; Sun, M.; Liu, J.; Hong, G.; Lin, Q. The preventative effect of Akt knockout on liver cancer through modulating NF-κB-
regulated inflammation and Bad-related apoptosis signaling pathway. Int. J. Oncol. 2016, 48, 1467–1476. [CrossRef] [PubMed]

26. Li, Y.; Yang, L.; Dong, L.; Yang, Z.-w.; Zhang, J.; Zhang, S.-l.; Niu, M.-j.; Xia, J.-w.; Gong, Y.; Zhu, N.; et al. Crosstalk between
the Akt/mTORC1 and NF-κB signaling pathways promotes hypoxia-induced pulmonary hypertension by increasing DPP4
expression in PASMCs. Acta Pharmacol. Sin. 2019, 40, 1322–1333. [CrossRef] [PubMed]

27. Frangogiannis, N.G. Transforming growth factor–β in tissue fibrosis. J. Exp. Med. 2020, 217, e20190103. [CrossRef] [PubMed]
28. Giannandrea, M.; Parks, W.C. Diverse functions of matrix metalloproteinases during fibrosis. Dis. Models Mech. 2014, 7, 193–203.

[CrossRef] [PubMed]
29. Teng, M.L.; Ng, C.H.; Huang, D.Q.; Chan, K.E.; Tan, D.J.; Lim, W.H.; Yang, J.D.; Tan, E.; Muthiah, M.D. Global incidence and

prevalence of nonalcoholic fatty liver disease. Clin. Mol. Hepatol. 2023, 29, S32–S42. [CrossRef] [PubMed]
30. Miao, L.; Targher, G.; Byrne, C.D.; Cao, Y.-Y.; Zheng, M.-H. Current status and future trends of the global burden of MASLD.

Trends Endocrinol. Metab. 2024, 35, 697–707. [CrossRef] [PubMed]
31. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver

disease—Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef] [PubMed]
32. Bagheri, N.; Bagheri, R.; Mesinovic, J.; Ghobadi, H.; Scott, D.; Kargarfard, M.; Dutheil, F. Effects of Resistance Training on

Muscular Adaptations and Inflammatory Markers in Overweight and Obese Men. Med. Sci. Sports Exerc. 2025, 57, 600–612.
[CrossRef] [PubMed]

33. Lee, H.S.; Lee, J. Effects of Exercise Interventions on Weight, Body Mass Index, Lean Body Mass and Accumulated Visceral Fat in
Overweight and Obese Individuals: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Int. J. Environ.
Res. Public Health 2021, 18, 2635. [CrossRef] [PubMed]

34. Musso, G.; Cassader, M.; Rosina, F.; Gambino, R. Impact of current treatments on liver disease, glucose metabolism and
cardiovascular risk in non-alcoholic fatty liver disease (NAFLD): A systematic review and meta-analysis of randomised trials.
Diabetologia 2012, 55, 885–904. [CrossRef] [PubMed]

35. Yoo, E.R.; Sallam, S.; Perumpail, B.J.; Iqbal, U.; Shah, N.D.; Kwong, W.; Cholankeril, G.; Kim, D.; Ahmed, A. When to Initiate
Weight Loss Medications in the NAFLD Population. Diseases 2018, 6, 91. [CrossRef] [PubMed]

36. Gudzune, K.A.; Kushner, R.F. Medications for Obesity: A Review. JAMA 2024, 332, 571–584. [CrossRef] [PubMed]
37. Zaccherini, G.; Tufoni, M.; Bernardi, M. Albumin Administration is Efficacious in the Management of Patients with Cirrhosis: A

Systematic Review of the Literature. Hepat. Med. 2020, 12, 153–172. [CrossRef] [PubMed]
38. Romanelli, R.G.; La Villa, G.; Barletta, G.; Vizzutti, F.; Lanini, F.; Arena, U.; Boddi, V.; Tarquini, R.; Pantaleo, P.; Gentilini,

P. Long-term albumin infusion improves survival in patients with cirrhosis and ascites: An unblinded randomized trial.
World J. Gastroenterol. 2006, 12, 1403. [CrossRef] [PubMed]

39. TGA Consumer Medicine Information (Prescription Medicine) Template: Alburex®20 AU. Available online: https://labeling.
cslbehring.com/CMI/AU/Alburex/EN/Alburex-20-AU-Consumer-Medicine-Information.pdf (accessed on 14 July 2025).

https://doi.org/10.1164/ajrccm.162.4.9910106
https://www.ncbi.nlm.nih.gov/pubmed/11029374
https://doi.org/10.1186/2110-5820-3-4
https://www.ncbi.nlm.nih.gov/pubmed/23414610
https://doi.org/10.3390/jcm12186017
https://www.ncbi.nlm.nih.gov/pubmed/37762957
https://doi.org/10.3389/fendo.2021.642568
https://www.ncbi.nlm.nih.gov/pubmed/33776937
https://doi.org/10.1186/s13098-019-0409-y
https://www.ncbi.nlm.nih.gov/pubmed/30774722
https://doi.org/10.2450/2013.005s
https://doi.org/10.1016/j.jhep.2025.04.011
https://www.ncbi.nlm.nih.gov/pubmed/40250764
https://doi.org/10.1186/s12876-020-1165-z
https://www.ncbi.nlm.nih.gov/pubmed/31937252
https://doi.org/10.1101/gad.1662308
https://www.ncbi.nlm.nih.gov/pubmed/18519641
https://doi.org/10.1074/jbc.M507373200
https://www.ncbi.nlm.nih.gov/pubmed/16613850
https://doi.org/10.3892/ijo.2016.3383
https://www.ncbi.nlm.nih.gov/pubmed/26892230
https://doi.org/10.1038/s41401-019-0272-2
https://www.ncbi.nlm.nih.gov/pubmed/31316183
https://doi.org/10.1084/jem.20190103
https://www.ncbi.nlm.nih.gov/pubmed/32997468
https://doi.org/10.1242/dmm.012062
https://www.ncbi.nlm.nih.gov/pubmed/24713275
https://doi.org/10.3350/cmh.2022.0365
https://www.ncbi.nlm.nih.gov/pubmed/36517002
https://doi.org/10.1016/j.tem.2024.02.007
https://www.ncbi.nlm.nih.gov/pubmed/38429161
https://doi.org/10.1002/hep.28431
https://www.ncbi.nlm.nih.gov/pubmed/26707365
https://doi.org/10.1249/MSS.0000000000003592
https://www.ncbi.nlm.nih.gov/pubmed/39809255
https://doi.org/10.3390/ijerph18052635
https://www.ncbi.nlm.nih.gov/pubmed/33807939
https://doi.org/10.1007/s00125-011-2446-4
https://www.ncbi.nlm.nih.gov/pubmed/22278337
https://doi.org/10.3390/diseases6040091
https://www.ncbi.nlm.nih.gov/pubmed/30274326
https://doi.org/10.1001/jama.2024.10816
https://www.ncbi.nlm.nih.gov/pubmed/39037780
https://doi.org/10.2147/HMER.S264231
https://www.ncbi.nlm.nih.gov/pubmed/33149707
https://doi.org/10.3748/wjg.v12.i9.1403
https://www.ncbi.nlm.nih.gov/pubmed/16552809
https://labeling.cslbehring.com/CMI/AU/Alburex/EN/Alburex-20-AU-Consumer-Medicine-Information.pdf
https://labeling.cslbehring.com/CMI/AU/Alburex/EN/Alburex-20-AU-Consumer-Medicine-Information.pdf


Int. J. Mol. Sci. 2025, 26, 7156 16 of 17

40. Schwingshackl, L.; Hoffmann, G. Long-term effects of low-fat diets either low or high in protein on cardiovascular and metabolic
risk factors: A systematic review and meta-analysis. Nutr. J. 2013, 12, 48. [CrossRef] [PubMed]

41. Campos-Nonato, I.; Hernandez, L.; Barquera, S. Effect of a high-protein diet versus standard-protein diet on weight loss and
biomarkers of metabolic syndrome: A randomized clinical trial. Obes. Facts 2017, 10, 238–251. [CrossRef] [PubMed]

42. Chen, C.N.; Hsu, K.J.; Chien, K.Y.; Chen, J.J. Effects of Combined High-Protein Diet and Exercise Intervention on Cardiometabolic
Health in Middle-Aged Obese Adults: A Randomized Controlled Trial. Front. Cardiovasc. Med. 2021, 8, 705282. [CrossRef]
[PubMed]

43. Chao, A.M.; Quigley, K.M.; Wadden, T.A. Dietary interventions for obesity: Clinical and mechanistic findings. J. Clin. Investig.
2021, 131, e140065. [CrossRef] [PubMed]

44. Donnelly, K.L.; Smith, C.I.; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids stored in liver and
secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig. 2005, 115, 1343–1351. [CrossRef]
[PubMed]

45. Schuster, S.; Cabrera, D.; Arrese, M.; Feldstein, A.E. Triggering and resolution of inflammation in NASH.
Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 349–364. [CrossRef] [PubMed]

46. Meziani, F.; Kremer, H.; Tesse, A.; Baron-Menguy, C.; Mathien, C.; Mostefai, H.A.; Carusio, N.; Schneider, F.; Asfar, P.; Andriantsi-
tohaina, R. Human Serum Albumin Improves Arterial Dysfunction during Early Resuscitation in Mouse Endotoxic Model via
Reduced Oxidative and Nitrosative Stresses. Am. J. Pathol. 2007, 171, 1753–1761. [CrossRef] [PubMed]

47. Powers, K.A.; Kapus, A.; Khadaroo, R.G.; He, R.; Marshall, J.C.; Lindsay, T.F.; Rotstein, O.D. Twenty-five percent albumin prevents
lung injury following shock/resuscitation. Crit. Care Med. 2003, 31, 2355–2363. [CrossRef] [PubMed]

48. Aubin, É.; Roberge, C.; Lemieux, R.; Bazin, R. Immunomodulatory effects of therapeutic preparations of human albumin.
Vox Sang. 2011, 101, 131–137. [CrossRef] [PubMed]

49. Castro-Narro, G.; Moctezuma-Velázquez, C.; Male-Velázquez, R.; Trejo-Estrada, R.; Bosques, F.J.; Moreno-Alcántar, R.; Rodríguez-
Hernández, H.; Bautista-Santos, A.; Córtez-Hernández, C.; Cerda-Reyes, E.; et al. Position statement on the use of albumin in
liver cirrhosis. Ann. Hepatol. 2022, 27, 100708. [CrossRef] [PubMed]

50. de Mattos, Â.Z.; Simonetto, D.A.; Terra, C.; Farias, A.Q.; Bittencourt, P.L.; Pase, T.H.S.; Toazza, M.R.; de Mattos, A.A. Albumin
administration in patients with cirrhosis: Current role and novel perspectives. World J. Gastroenterol. 2022, 28, 4773–4786.
[CrossRef] [PubMed]

51. Kremer, H.; Baron-Menguy, C.; Tesse, A.; Gallois, Y.; Mercat, A.; Henrion, D.; Andriantsitohaina, R.; Asfar, P.; Meziani, F. Human
serum albumin improves endothelial dysfunction and survival during experimental endotoxemia: Concentration-dependent
properties. Crit. Care Med. 2011, 39, 1414–1422. [CrossRef] [PubMed]

52. Evans, T.W. Review article: Albumin as a drug—Biological effects of albumin unrelated to oncotic pressure.
Aliment. Pharmacol. Ther. 2002, 16, 6–11. [CrossRef] [PubMed]

53. Fernández, J.; Clària, J.; Amorós, A.; Aguilar, F.; Castro, M.; Casulleras, M.; Acevedo, J.; Duran-Güell, M.; Nuñez, L.; Costa,
M.; et al. Effects of Albumin Treatment on Systemic and Portal Hemodynamics and Systemic Inflammation in Patients with
Decompensated Cirrhosis. Gastroenterology 2019, 157, 149–162. [CrossRef] [PubMed]

54. Wheeler, D.S.; Giuliano, J.S.; Lahni, P.M.; Denenberg, A.; Wong, H.R.; Zingarelli, B. The Immunomodulatory Effects of Albumin
In Vitro and In Vivo. Adv. Pharmacol. Sci. 2011, 2011, 691928. [CrossRef] [PubMed]

55. Duran-Guell, M.; Flores-Costa, R.; Casulleras, M.; Lopez-Vicario, C.; Titos, E.; Diaz, A.; Alcaraz-Quiles, J.; Horrillo, R.; Costa,
M.; Fernandez, J.; et al. Albumin protects the liver from tumor necrosis factor alpha-induced immunopathology. FASEB J. 2021,
35, e21365. [CrossRef] [PubMed]

56. Duran-Guell, M.; Garrabou, G.; Flores-Costa, R.; Casulleras, M.; Lopez-Vicario, C.; Zhang, I.W.; Canto-Santos, J.; Contreras, B.J.;
Sanchez-Rodriguez, M.B.; Romero-Grimaldo, B.; et al. Essential role for albumin in preserving liver cells from TNFalpha-induced
mitochondrial injury. FASEB J. 2023, 37, e22817. [CrossRef] [PubMed]

57. Utariani, A.; Rahardjo, E.; Perdanakusuma, D.S. Effects of Albumin Infusion on Serum Levels of Albumin, Proinflammatory
Cytokines (TNF-α, IL-1, and IL-6), CRP, and MMP-8; Tissue Expression of EGRF, ERK1, ERK2, TGF-β, Collagen, and MMP-8; and
Wound Healing in Sprague Dawley Rats. Int. J. Inflam. 2020, 2020, 3254017. [CrossRef] [PubMed]

58. Abasubong, K.P.; Jiang, G.-Z.; Guo, H.-X.; Wang, X.; Huang, Y.-Y.; Dai, Y.-J.; Li, X.-F.; Dong, Y.-Z.; Gabriel, N.N.; Liu, W.-B. Oral
bovine serum albumin administration alleviates inflammatory signals and improves antioxidant capacity and immune response
under thioacetamide stress in blunt snout bream fed a high-calorie diet. Fish. Shellfish. Immunol. 2023, 141, 108996. [CrossRef]
[PubMed]
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