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Introduction: Subclinical ketosis (SCK) is a commonmetabolic disorder linked to

adipose tissue (AT) dysfunction in periparturient dairy cows. While subcutaneous

AT (SAT) and visceral AT (VAT) differ in structure, cellularity, and function, depot-

specific responses to ketosis remain poorly understood. This study aimed to

determine the transcriptional differences of flank SAT and omental VAT in early

lactation dairy cows in response to SCK.

Methods: Multiparous Holstein dairy cows within the first 10 days postpartum

were screened for SCK. Subclinical ketosis was defined as blood b-
hydroxybutyrate (BHB) concentrations between 1.4 and 2.6 mmol/L, while

control, non-ketotic animals (NK) had BHB equal to or lower than 0.8 mmol/L.

Adipose tissue biopsies were obtained from flank SAT and omental VAT from five

SCK and five NK cows for RNA sequencing and immunohistochemistry analyses.

Results and Discussion: Subclinical ketosis affected AT transcriptional profiles in

a depot-specific manner. In SAT, transcriptional changes related to SCK reflected

homeostatic AT remodeling and immune cell infiltration indicative of

inflammatory responses, fibroplasia, and the negative regulation of adaptive

immunity responses. In VAT, SCK-related transcriptional changes reflected

increased pro-inflammatory responses linked to impaired lipid metabolism and

dysregulation of focal adhesion and endocytosis. Tissue expression of proteins

coded by genes differentially expressed between SCK and NK revealed a depot-

dependent response on AT, indicating a higher infiltration of macrophages and B
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cells in SCK cows. Overall, our study provides new insights into molecular

mechanisms underlying ketosis pathogenesis, highlighting the dysregulation of

inflammatory responses, lipid metabolism, and insulin signaling in both SAT and

VAT of postpartum dairy cows.
KEYWORDS

transcriptome, ketosis, visceral adipose tissue, subcutaneous adipose tissue,
immune response
Introduction

The transition from gestation to lactation involves drastic

changes on endocrine and energy metabolism and, hence,

nutritional demands (1–3). Periparturient dairy cows face a

concomitant reduction on feed intake and an increase in energy

demand, thus generating a negative energy balance (NEB) (4, 5).

Increased lipolysis and insulin resistance in peripheral adipose

tissue (AT) are major adaptive mechanisms to cope with NEB

and to prioritize glucose use for milk synthesis (6, 7). Therefore,

higher circulating concentrations of alternate energy sources, such

as non-esterified fatty acids (NEFA) and b-hydroxybutyrate (BHB),

are expected during this stage. However, we and others have

demonstrated that, in periparturient cows, uncontrolled lipolysis

during NEB leads to dysfunctional AT responses such as

dysregulated inflammation and persistent insulin resistance (8–

11), and increased risk of metabolic disorders, including ketosis

(12, 13).

Ketosis is a metabolic disorder resulting from poor adaptive

responses to NEB due to an overwhelming amount of NEFA being

metabolized through ketogenesis in the liver. Besides

hyperketonemia, clinical ketosis manifests as a loss of appetite,

decreased milk production, and rapid loss of body condition (14).

On the other hand, subclinical ketosis (SCK) is a condition with less

evident clinical signs defined by serum BHB concentrations ≥ 1.4

mmol/L (15, 16). SCK affects 40% to 60% of early lactation dairy

cows (17) and leads to significant losses in herd profitability

associated with decreased milk production and reproductive

performance, and increased risk of other health disorders (18,

19). While dysfunctional AT responses to NEB are a triggering

factor for ketosis, how SCK affects depot-specific AT transcriptional

profiles in postpartum dairy cows remains poorly understood and

limits the development of targeted preventive interventions.

AT supports whole-body metabolic function and energy

demand of early lactation cows in a depot-specific manner. For

example, retroperitoneal visceral AT (VAT) is more lipolytically

active (20) and maintains higher insulin sensitivity than tailhead

subcutaneous AT (SAT) in periparturient dairy cows (21),

indicating that VAT may play a greater role in providing energy

substrates during early lactation. Recently, using single-nucleus

RNA sequencing, we revealed an enrichment of adipose stromal
02
and progenitor cells and endothelial cells in SAT from the flank, and

an increased diversity and abundance of macrophages, natural killer

cells, and T cells in omental VAT (22). These findings suggested

higher adipogenic and angiogenic potentials of SAT, and a pro-

inflammatory profile of VAT (22). Notably, features of AT

metabolic dysregulation also depend on its anatomical location.

For instance, omental VAT of periparturient dairy cows with SCK

has an increased inflammatory response and infiltration of

macrophages compared with SAT from tailhead and other VAT

depots (mesenteric, retroperitoneal, and perirenal) (23). Altogether,

these findings suggest a more beneficial metabolic role of SAT,

while VAT undergoes more dynamic changes and may contribute

more to metabolic disorder development. We hypothesize that SCK

differently affects SAT and VAT transcriptome as these depots differ

in structure, cellularity, and metabolic function. By elucidating the

impact of SCK on depot-specific transcriptome, we aim to unravel

depot-specific mechanisms by which AT is involved in ketosis

pathogenesis. Our objective was to determine transcriptional and

immunohistochemical differences in the omental VAT and flank

SAT of postpartum dairy cows with SCK.
Materials and methods

Experimental design

The Institutional Animal Care and Use Committee (IACUC) of

the Texas Tech University approved all the procedures for this

study (protocol no. 21024-04). The experiment was conducted from

February to March 2022 at a commercial dairy farm located near

Friona, TX. Experimental dairy cows were housed in a free-stall

installation, fed a balanced total mixed ratio diet provided ad

libitum, and milked twice daily in a rotary milking system.

The study design is summarized in Figure 1A and recently

described by our group (24). Briefly, using a cross-sectional design,

multiparous Holstein dairy cows within the first 10 days

postpartum were screened for SCK based on blood concentrations

of BHB determined by a Precision Xtra Blood Glucose and Ketone

Monitoring System (Abbott Laboratories, Chicago, IL, USA). Five

cows with SCK (n = 5, BHB ≥ 1.4 and ≤ 2.6 mmol/L) and five non-

ketotic cows (NK, n = 5, BHB ≤ 0.8 mmol/L) were enrolled in the
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study. SCK and NK cows were matched by parity, body condition

score, and days in milk. Experimental cows had an average body

condition score of 3.6 ± 0.3 [1–5 scale (25)], 3.2 ± 1.4 lactations, and

were 7.6 ± 1.9 days postpartum. Body condition score was evaluated

by two experienced individuals. Records from each cow were

checked for concurrent diseases and only animals without any

other reported postpartum health problem were enrolled in the

study. Descriptive statistics of parity, days in milk, BHB

concentration, and body condition score in SCK and NK cows

were assessed using a paired t-test of SAS 9.4 (SAS Institute Cary

NC, USA) and results are found in Table 1. Sample size was defined

per convenience based on previous AT transcriptome studies

analyzing depot (22) and ketosis effects (26) in dairy cows.
Frontiers in Immunology 03
Blood collection and analyses

Blood samples were obtained from the coccygeal vessels before

morning feeding (for ketosis diagnosis) and prior to AT collection

(for metabolic profiling) using a 21-gauge vacutainer needle (BD

Vacutainer, Becton Dickinson, Cat. No. 368650). Blood samples

were collected into tubes (BD Vacutainer, Becton Dickinson, Cat.

No. 367820) containing a serum clot activator. After collection,

tubes were kept at 21°C for a maximum of 4 h until centrifugation.

Serum was obtained by centrifugation at 1,300 × g for 15 min at 21°

C and aliquots were frozen at −80°C until further analysis. Blood

samples were analyzed for a metabolic profile including the

concentrations of glucose, BHB, NEFA, blood urea nitrogen
TABLE 1 Comparison of SCK (subclinical ketosis) and NK (non-ketotic) cows.

Parameters
NK SCK

p-value
Mean SD1 Mean SD1

Days in milk 7.4 1.8 7.8 2.0 0.59

Body condition score 3.7 0.2 3.6 0.4 0.55

Parity 3.2 1.6 3.2 1.2 1.00

BHB2, mmol/L 0.72 0.07 1.58 0.10 <0.01
1 Standard deviation.
2 b-hydroxybutyrate measured with Precision Xtra Blood Glucose and Ketone Monitoring System (Abbott Laboratories, Chicago, IL, USA).
FIGURE 1

(A) Study design. Ten multiparous Holstein dairy cows in early lactation were enrolled in the study based on the diagnosis of subclinical ketosis (n =
5, BHB ≥ 1.4 and ≤ 2.6 mmol/L). Non-ketotic (NK, n = 5, BHB ≤ 0.8 mmol/L) cows were matched with SCK animals according to parity, days in milk,
and body condition score. Blood samples for a metabolic profile and AT biopsies from flank subcutaneous AT (SAT) and omental visceral AT (VAT)
were obtained for transcriptomics and immunohistochemistry at the time of ketosis diagnosis via right flank laparotomy. (B) Bioinformatics pipeline
used for RNA sequencing, quantification, and analysis. (C) Immunohistochemistry analysis of visceral and subcutaneous AT immune markers.
Created using BioRender.
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(BUN), albumin, cholesterol, sodium, calcium, phosphorus,

potassium, and chloride determined on a Beckman Coulter AU

480 automated analyzer using commercially available reagents at

the Texas A&M Veterinary Medical Diagnostic Laboratory (College

Station, TX). Differences on concentrations of blood biomarkers

were evaluated using the MIXED procedure of SAS 9.4 (SAS

Institute Cary NC, USA). Results were log-scale transformed if

needed to comply with normal distribution of residuals. The

statistical model contained the effect of group (NK or SCK) as

fixed effect, while the cow within group and block was considered as

a random effect. Statistical significance was declared at p-value ≤

0.05 and tendencies were declared at p-value ≤ 0.10.
Adipose tissue collection

Matched flank SAT and omental VAT samples were obtained

from each cow through right flank laparotomy, as reported by our

group (24, 27). Surgeries were performed in paired SCK and NK

cows every day of collection. Briefly, surgical site was prepared by

clipping a large area (>30 cm) on the right flank to remove the hair

followed by alternate scrubbing with 2% chlorhexidine and 70%

alcohol (three times each). Local anesthesia was applied using 50

mL of 2% lidocaine hydrochloride (VetOne, Cat. No. 510213) in an

inverted L block, at least 10 cm from the biopsy site. A 7- to 10-cm

skin incision was made 10 cm caudally and parallel to the last rib,

and 7–10 cm below the proximal margin of the paralumbar fossa. A

5- to 10-g sample of SAT was obtained from underneath the flank

incision. Next, muscles of the abdominal wall were incised and

dissected until reaching the peritoneum. A biopsy of approximately

10 g was obtained from the omental VAT. Muscle layers were closed

with simple continuous suture pattern using polyglactin 910 - USP

3 (Riverpoint Medical, Portland, OR, USA), while skin incision was

closed with Ford interlocking suture pattern using non-absorbable

polyamide USP 3 (Braunamid, Cat. No. J009103, B. Braun Surgical,

Rubi, Spain). Animals were clinically monitored in the next 3 days

after surgery for pain, fever, and local inflammation, and treated

with flunixin meglumine. Non-absorbable sutures were removed

after 7–10 days. Immediately after harvest, SAT and VAT samples

used for transcriptome analysis were snap-frozen and stored in

liquid nitrogen until further analysis. For immunohistochemistry

analysis, aliquots of the same samples were collected in cold 1×

phosphate-buffered saline (PBS) followed by fixation in formalin, as

described below.
Transcriptome analysis of adipose tissue

RNA isolation and sequencing
Adipose tissue total RNA was extracted using Trizol reagent

(Invitrogen, Cat. No. 15596018) in combination with the RNeasy

Plus Mini Kit and RNase-free DNase set (Qiagen, Cat. No. 74104),

following the manufacturer’s instructions with some modifications.

Briefly, 200 mg of each SAT (n = 10) and VAT (n = 10) sample from

each individual cow was immersed in a 2-mL RNase-free O-ring
Frontiers in Immunology 04
tube containing 1 mL of Trizol and 10 3-mm high-impact

zirconium beads (Benchmark Scientific Inc., Cat. No. D1032-30).

Tissue was homogenized using a beadblaster (Benchmark Scientific

Inc., Sayreville, NJ, USA) for 10 min. After homogenization, the

sample was centrifuged at 12,000 × g for 10 min at 4°C, and a pink

middle layer fluid was collected into a new 2-mL RNase-free

microtube. Then, 200 μL of phenol:chloroform (Invitrogen, Cat.

No. AM9732) at 4°C was added to the sample to isolate the RNA

from the organic phase. After centrifugation at 12,000 × g for 15

min at 4°C, the clear upper phase was transferred into a new 2-mL

RNase-free microtube containing 700 μL of 70% molecular biology

grade ethanol (Fisher Bioreagents, Cat. No. BP2818100). Total RNA

was purified using the RNeasy Plus Mini Kit and eluted in 30 μL of

RNase-free water. RNA integrity was assessed using the RNA Nano

6000 Assay Kit of the Bioanalyzer 2100 system (Agilent

Technologies, Santa Clara, CA, USA). First strand cDNA was

synthesized using random hexamer primer and M-MuLV Reverse

Transcriptase (RNase H-). Second strand cDNA synthesis was

subsequently performed using DNA Polymerase I and RNase H.

PCR was performed with Phusion High-Fidelity DNA polymerase,

Universal PCR primers, and Index (X) Primer. PCR products were

purified (AMPure XP system) and library quality was assessed

using the Agilent Bioanalyzer 2100 system. The clustering of the

index-coded samples was performed on a cBot Cluster Generation

System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Inc., San

Diego, CA, USA) according to the manufacturer’s instructions.

After cluster generation, the library preparations were sequenced on

an Illumina Novaseq 6000 S4 platform to generate 30 million

stranded paired-end reads (2 × 150 nt) per sample. We obtained

an average of 69.4 ± 9.1 (mean ± SD) million clean reads

per sample.

Bioinformatics pipeline
Reads were trimmed for quality and adapters with TrimGalore

0.4.3 and mapped to bovine genome ARS-UCD1.2 with STAR-2.7.2a

(28) in the two-pass mode, quantMode GeneCounts including the

following specifications: –outSAMstrandField intronMotif –

outFilterIntronMotifs RemoveNoncanonicalUnannotated –

alignEndsType Local –chimOutType WithinBAM –twopassMode

Basic –twopass1readsN -1. Annotation was performed using

Ensembl v106. Normalization of expression values was performed

using gene length corrected trimmed mean of M-values (GeTMM)

(29). Differentially expressed genes (DEGs) were identified by one-way

ANOVA with a Huber M-estimation to control for outliers.

Significance between samples was based on a Benjamini–Hochberg

corrected false discovery rate (FDR) p-value < 0.05. DEGs were

graphically presented by principal component analysis (PCA) using

JMP Pro 14 and by volcano plots using R package EnhancedVolcano

version 1.10.0. Depot and SCK exclusively expressed genes were

defined by GeTMM values greater than 0 for one group, while

GeTMM values for its comparison group were equal to 0.

Functional genomics
Functional genomic analysis was performed using weighted

gene co-expression network analysis (WGCNA; version 1.66
frontiersin.org
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package in R) to construct gene co-expression networks (30, 31).

WGCNA was performed by inputting the whole transcriptome

from SAT and VAT datasets separately among experimental groups

(SCK and NK). Only genes expressed in at least 50% of samples in

each dataset were included in the analysis. The GeTMM values for

each gene were log2 transformed to normalize the data. A pairwise

correlation matrix was constructed between all pairs of genes across

the samples, and a matrix of weighted adjacency was generated by

raising co-expression to a power of 9, as determined for our sample

set (30, 32). A topological overlap matrix (TOM) was then

assembled and used as input for hierarchical clustering analysis.

A dynamic tree cutting algorithm was used to identify gene clusters

or modules (i.e., genes with high topological overlap) in an

unsupervised fashion. Gene modules were visualized by a

heatmap plot (TOMplot) of the gene network topological overlap.

Module relationships were summarized by a hierarchical clustering

dendrogram and TOMplot of module eigengenes (MEs).

Associations between gene modules and traits of interest were

tested by correlating MEs to trait score. Traits of interest used for

WGCNA included the following: NK SAT, SCK SAT, NK VAT, and

SCK VAT. Module–trait correlations were visualized using a

heatmap plot and only modules with trait relationship

significance (R2) higher than 0.7 and p-value ≤ 0.05 were

considered for further analysis. Module memberships [MM;

correlation between each gene expression profile (GeTMM) and

the ME of a given module as an indicator of the intramodular

connectivity] and gene significance [GS; correlation between the

gene expression profile (GeTMM) and the trait score as a measure

of biological relevance] were calculated (30). Genes (network nodes)

having MM ≥ 0.90 were identified as intramodular hub genes (33).

Using DAVID Bioinformatics Resources (version 6.8) (34), gene

ontology (GO) analysis was performed using the entire gene list

derived from each ME identified as described above (turquoise p-

value = 0.02, brown p-value = 0.04, green p-value = 0.05, and blue p-

value = 0.03) to functionally annotate their biological processes (BPs),

while Ingenuity Pathway Analysis (IPA) identified activated and

inhibited canonical pathways and upstream regulators (Figure 1B).

Overrepresented BP analysis was performed on fold enrichment

values with p-value < 0.01 (represented in bold in Supplementary

Table 4). Fold enrichment was determined by comparing the

background frequency of total genes annotated to a certain BP in

the specified species genome to the sample frequency of genes under

such BP (35). According to Menarim, El-Sheikh Ali (36), this

approach takes advantage of the superior annotation of BPs from

DAVID and the better pathway annotation of IPA. To predict

upstream regulators relevant for each set of DEGs, we performed an

analysis using the IPA software (37). The analysis provided a p-value

of overlap, activation Z-scores, and the downstream targets for each

predicted upstream regulator. Z-scores were used to predict the

activation state (activation or inhibition) of each upstream

regulator/signaling pathway. Predicted upstream regulators were

considered significant if they had p-value ≤ 0.05 and activation Z-

score >2 (activated) or >2 (activated). Subsequently, we investigated

the overlap between the predicted upstream regulators for each set and

the DEGs from the same set to identify potential regulators among
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those DEGs. Genes in common between the two analyses with Z-

scores generated by IPA matching the direction of fold change

(generated by DESeq2) were defined as potential regulators. To

investigate the interaction and relationships between potential

upstream regulators, all known protein–protein interactions were

referenced and matched using STRING (version 10.5) (38). IPA was

also used to determine activated and inactivated signaling pathways,

considering significance at activation Z-score >2 (activated) or <

−2 (suppressed).
Immunohistochemistry

Aliquots from the SAT and VAT samples from each cow used

for RNA sequencing analysis were formalin-fixed, paraffin-

embedded, and sectioned at 4 μm and processed at the School of

Veterinary Medicine and Biomedical Sciences Histology Lab at

Texas A&M University (Figure 1C). Briefly, slides with two

histological sections of each depot per animal were deparaffinized

in xylene and rehydrated through a graded alcohol series. Antigen

retrieval was performed in a pressure cooker (Decloaking Chamber,

Biocare Medical, Pacheco, CA) using a pH 6.2 buffer (Diva, Biocare

Medical). The procedure was run on an autostainer (intelliPATH

FLX, Biocare Medical, Pacheco, CA). Target antibodies for the

immunohistochemistry analyses were selected based on the

identification of key genes in activated and inactivated canonical

pathways, upstream regulators between SCK and NK in VAT and

SAT samples, and markers of immune cell activation and

infiltration in the AT. Selected primary antibodies were as

follows: CD20 (Invitrogen, Cat. No. PA5-16701), CD3 (Agilent,

Cat. No. A045229-2), IBA1 (Biocare, Cat. No. CP290A), CSFR1

(Invitrogen, Cat. No. PA5-14569), SPP1 (Bioss Antibodies, Cat. No.

BS-0019R), FN1 (Invitrogen, Cat. No. FI24921), CD44 (Invitrogen,

Cat. No. MA4400), TGFB1 (Invitrogen, Cat. No. MA1-21595), and

BAFF-TNFSF13B (Invitrogen, Cat. No. PA1-41266). The primary

antibodies were incubated for 30 min at room temperature followed

by incubation with a polymer detection reagent (Mach 2 Rabbit

HRP Polymer, Medical, Pacheco, CA) for 30 min. DAB chromogen

was used to detect the sites of antibody–antigen interaction.

Hematoxylin was used as the counterstain. A negative tissue

control was run by substituting a negative isotype control for the

primary antibody (Supplementary Figure 1). Finally, the slides were

then dehydrated through graded alcohols and cleared with xylene.

Using the Pannoramic Scan II by 3DHistec, glass slides were

scanned at 20× magnification, and the subsequent digital images were

analyzed using Visiopharm Software (Version 2023.01 Hoersholm,

Denmark) (39–41). First, the region of interest (ROI) was manually

defined and measured (mm2). For the selected targets, a custom

artificial intelligence-based Visiopharm analysis protocol package was

designed to detect the total number of cells with positive labeling

(positive cells) within the ROI. Immunohistochemistry data are

presented as normalized to tissue area, in which the number of

positive cells for determined antibody was divided by tissue area

(mm2). Statistical analysis of IHC data was performed using the

MIXED procedure of SAS 9.4 (SAS Institute Cary NC, USA), with a
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model containing the effects of depot, experimental group (NK or

SCK), and their interaction as fixed effects. Statistical significance was

declared at p-value ≤ 0.05 and tendencies were declared at p-value

≤ 0.10.
Results

Blood biomarkers

As expected, analytical chemistry revealed that cows with SCK

had greater serum BHB (p-value < 0.01) concentrations compared

to NK, confirming higher blood BHB concentrations detected by

the handheld ketometer during animal selection. While serum

NEFA concentrations did not differ between groups (p-value =

0.25), their concentrations in both SCK and NK indicated increased

lipid mobilization when compared with reference values (Table 2).

Serum concentrations of phosphorus (p-value = 0.03) were

increased in SCK vs. NK, while serum concentrations of sodium,

glucose, albumin, cholesterol, urea nitrogen, calcium, and

potassium were similar between NK and SCK (p-value > 0.05).
Transcriptional profiles in VAT and SAT of
dairy cows with and without subclinical
ketosis

Differential gene expression
AT transcriptome analysis was performed to identify (1) the

overall effects of ketosis independent of depot (SCK vs. NK), (2) the

depot-specific effects of ketosis (SCK SAT vs. NK SAT and SCK

VAT vs. NK VAT), and (3) the ketosis-dependent depot effects

(SCK VAT vs. SCK SAT and NK VAT vs. NK SAT). The full list of

DEGs for each contrast is reported in Supplementary Table 1. PCA

of DEGs revealed only depot-related differences (Figure 2A).

Volcano plots showed upregulated and downregulated DEGs for
Frontiers in Immunology 06
each contrast (Figures 2B–F), while the number of DEGs in each

contrast is reported in Figures 2G, H. The most remarkable number

of DEGs was observed when comparing depots (VAT or SAT) in

NK or SCK animals (Figure 2G). We detected only 35 DEGs

between SCK and NK across both depots (Figure 2B). The

number of DEGs was increased 15-fold when contrasting SCK

and NK within SAT or VAT (Figures 2C, D, G), demonstrating the

depot specificity of SCK effects. However, there was great

transcriptome overlap (>16,000 genes) between SCK SAT vs. NK

SAT and SCK VAT vs. NK VAT (Figure 2H). A similar pattern of

DEGs number was observed when contrasting VAT and SAT in

SCK or NK cows separately.

For each contrast, we also identified exclusively expressed genes

in a depot- and disease-specific manner (Supplementary Table 2).

While overall ketosis-specific genes across both depots were absent

(Figure 2H-1), we identified ketosis-specific genes in SAT and VAT

when analyzed separately (Figure 2H-2). Examples of exclusively

expressed protein coding genes in SCK SAT included regulators of

cell migration, such as RGS11 and COLEC10, while IF1DA6, the

chemotactic S100A7, and the insulin-sensitizing adipocyte-secreted

protein C1QTNF12 were uniquely expressed by NK SAT

(Supplementary Table 2). In ketosis, the number of exclusively

expressed genes was increased by 10-fold in VAT compared to SAT,

and by nearly 3-fold in non-ketotic conditions (Figure 2H-3). Based

on average GeTMM, the top protein coding genes uniquely

expressed by ketotic VAT vs. SAT included markers of

adipogenic inhibition [DLK1 (Pref-1)] and mesothelial cells (WT1

and MSLN), while markers of proliferation (FOXL1 and TNMD)

and angiogenesis (ANGPTL5I) were uniquely expressed by non-

ketotic SAT (Supplementary Table 2).

Co-expression network analysis, modular gene
ontology enrichment, and overrepresented
biological processes

WGCNA provided further information regarding the patterns

of gene co-expression and the identification of genes with the
TABLE 2 Metabolic profile of postpartum dairy cows assigned to subclinical ketosis (SCK) and non-ketotic (NK) experimental groups.

Metabolite SCK NK SEM1 p-value

Glucose, mg/dL 41.8 43.6 3.37 0.72

BHB, mmol/L 1.06 0.68 0.05 <0.01

NEFA, mEq/dL 1.17 0.90 0.07 0.25

Albumin, mg/dL 3.22 3.36 0.11 0.39

Cholesterol, mg/dL 83.4 96.4 8.17 0.29

Blood urea nitrogen, mg/dL 11.8 11.2 0.50 0.43

Calcium, mg/dL 9.26 9.20 0.06 0.50

Sodium, mEq/dL 141.6 139.4 0.81 0.09

Potassium, mEq/dL 4.44 4.48 0.15 0.85

Phosphorus, mg/dL 5.50 4.48 0.23 0.03

Chlorine, mEq/dL 100.8 102.0 0.47 0.14
1 Largest standard error of the mean.
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FIGURE 2

Gene expression contrasts. (A) Principal component analysis from differently expressed genes (DEGs) in NK SAT (green rectangle), SCK SAT (red
rectangle), NK VAT (green circle), and SCK VAT (red circle). Each shape in the graph represents an individual sample. Volcano plots showing
downregulated (red left quadrant) and upregulated (red right quadrant) DEGs in (B) SCK vs. NK, (C) SCK SAT vs. NK SAT, (D) SCK VAT vs. NK VAT, (E)
NK VAT vs. NK SAT, and (F) SCK VAT vs. SCK SAT. (G) Schematic of differences in gene expression considering the studied contrasts, depicting the
number of DEGs between SCK and NK within the same depot (SAT or VAT, horizontal comparisons), and between depots within the same condition
(SCK or NK, vertical comparisons). The number of upregulated genes is represented in blue and downregulated genes are shown in red. Arrows
indicate the sense of the comparison, e.g., SCK VAT showed 245 upregulated and 305 downregulated DEGs compared to NK VAT. DEG were
identified by one-way ANOVA with a Huber M-estimation to control for outliers. Significance between samples was based on a Benjamini–Hochberg
corrected false discovery rate (FDR) p-value < 0.05. The entire list of DEGs can be found in Supplementary Table 1. (H) Venn diagrams illustrating the
intersection and uniqueness.
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highest intramodular connectivity (hub genes, MM ≥ 0.90) in our

dataset (denoted by bold font in Supplementary Table 3). Co-

expression analysis of a total of 16,649 genes on SAT and VAT

samples identified eight MEs or clusters (Figure 3), of which four

were positively associated (R² ≥ 0.7 and p-value ≤ 0.05) with the

assigned traits (SCK SAT, NK SAT, SCK VAT, and NK VAT).

There were significant positive associations of the turquoise module

with SCK SAT, the brown module with NK SAT, the green module

with SCK VAT, and the blue module with NK VAT.

The analysis of overrepresented BPs for each significant module

uniquely associated to SCK SAT, NK SAT, SCK VAT, and NK VAT

provided additional functional analysis of gene clusters

(Figures 4A–D; Supplementary Table 4). The top overrepresented

BPs associated with NK AT are highlighted in Figures 4A,B and

indicate depot-specific effective homeorhetic mechanisms by which

AT remodels in response to increased lipid mobilization during

postpartum. In NK VAT, overrepresented BPs and genes within

each BP in the blue module suggest catabolic mechanisms via

lipolysis and corresponding metabolic adaptations, including

insulin signaling regulation, and cell and nucleic acid synthesis

and repair (Figure 4A; Supplementary Table 4). Additional top BPs

in the blue module associated with NK VAT included response to

oxidative stress, regulation of canonical NF-kB signaling, and other

BPs related to lipid metabolism, e.g., fatty acid beta-oxidation, acyl-

CoA metabolic process, and fatty acid metabolic process

(Supplementary Table 4), thus indicating an intense metabolic

and pro-inflammatory remodeling within VAT in response to

lipid mobilization, even in the absence of ketosis. In NK SAT,

gene profiles from overrepresented BPs in the brown module reflect

epigenomic regulations associated with homeostatic IL-12 signaling
Frontiers in Immunology 08
(evidenced by the gene profile of Positive Regulation of Defense

Response to Virus by Host BP) and mitochondrial metabolism of

fatty acids during postpartum adaptation (Figure 4B ;

Supplementary Table 4). Further top BPs in the brown module-

associated NK SAT highlighted the involvement of distinct

organelles (e.g., mitochondria, ER, and Golgi) in response to

increased fatty acid metabolic processes in postpartum dairy cows

in NEB. These differences between the transcriptional profile of

VAT and SAT depict their distinct functional roles in postpartum

metabolic adaptations.

Green and turquoise modules were associated with SCK VAT and

SCK SAT, respectively (Figures 4C,D). The top five overrepresented

BPs in the green module associated with SCK VAT highlight changes

on focal adhesion, cell proliferation, and protein translation

(Figure 4C) driven by the expression of many genes related to cell

cycle (e.g., CDC42, APC, and STK11), triacylglycerol synthesis and

storage (LPIN1 and LPIN3), cytoskeleton assembly (e.g., ACTR3,

ACTR2, and ACTG1), and ATPases involved in organelle

acidification (e.g., ATP6V1E1, ATP6V1H, and ATP6V0D1)

(Supplementary Table 4). Notably, the regulation of inflammatory

responses, cell migrations, and positive regulation of interleukin-6

production were among the top BPs associated with SCK VAT

mediated by the expression of genes such as CCL3, CD63, THBS1,

TNF, and TLR9. These findings highlight marked inflammatory

responses and immune infiltration, specially mediated by endocytic

processes (phagocytic and pinocytic), phagolysosome maturation

events, and apoptosis (Supplementary Table 4).

In SCK SAT, the top BP in turquoise module highlights

Negative Regulation of B-Cell Receptor Signaling mediated by the

expression of genes, such as CD22 and GPS2, the latter being a key
FIGURE 3

Weighted gene co-expression network analysis (WGCNA): Module–sample relationships. WGCNA of 16,649 genes in AT identified eight module
eigengenes (ME), four of which exhibited positive association (R² ≥ 0.7, top; p-value ≤ 0.05, bottom between parenthesis) with the assigned traits
(SCK SAT, NK SAT, SCK VAT, and NK VAT). The turquoise ME was associated with SCK SAT, the brown ME was associated with NK SAT, the green ME
was associated with SCK VAT, and the blue ME was associated with NK VAT.
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regulator of inflammation, lipid metabolism, and mitochondrion

homeostasis, and a coactivator for the recruitment of PPARG in

adipocytes (Figure 4D). These immune-metabolic changes in SCK

SAT were also evidenced by the Positive Regulation of Protein

Metabolic Processes GO term, which involved genes regulating the

production of lipoproteins (i.e., NR1H2), adipocyte differentiation

(i.e., MTPN and UHRF1), and the activation, proliferation, and

migration of immune cells (i.e., KLF2) (Figure 4D; Supplementary

Table 4). Interestingly, the Embryonic Camera-Type Eye

Development GO term highlights the expression of RARG and

IFT140, emphasizing the involvement of membrane–ECM

interactions in SCK SAT (Supplementary Table 4). Furthermore,

BPs of Cellular Response to Hormone Stimulus included NCOA1

and NCOA2, both nuclear receptor co-activators with epigenomic

regulatory functions, and RAMP (2 and 3), which have

immunomodulatory functions related to endothelial cells. RAMP

genes were also evidenced in other significant GO terms in SCK

SAT including vasculogenesis, angiogenesis, and protein

localization to plasma membrane underscoring the evident effect

of SCK on SAT vascular function (Supplementary Table 4).

To assess how each significant module (cluster of co-expressed

genes) changed across study groups, the mean expression profile

(mean GeTMM values for all genes within a given module) of each

module was plotted for each study group/trait (Figure 4E).
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The patterns of expression for the brown and blue modules

associated with NK SAT and NK VAT (healthy state) showed

overall overlapping patterns across groups with higher expression

in VAT. The green module associated with SCK VAT exhibited the

highest magnitude of expression across all groups. Noticeably, while

it most highly expressed in SCK VAT, its lowest expression values

were for SCK SAT, reflecting opposing effects of ketosis in the AT

depots studied. Finally, the turquoise module, which associates with

SCK SAT, exhibited the lowest expression profiles across groups

and no pattern of expression relating to SCK or depot was

identified (Figure 4E).

Pathway analysis, upstream regulators, and
predicted network interactions

IPA revealed activated and inactivated pathways in most of the

studied comparisons (Table 3, Supplementary Table 5), with the

exception of SCK vs.NK overall comparison, in which the number of

DEGs was too low to yield conclusive results. Using the top three

most activated pathways comparing SCK vs. NK in SAT or VAT, we

created heatmaps depicting the expression patterns of genes involved

in each pathway, which provided further insights into mechanisms

underlying the depot-specific effects of SCK in AT (Figure 5).

In SAT, SCK activated pathways involved the regulation of

immune and inflammatory responses, and ECM remodeling
FIGURE 4

Expression profile, gene ontology enrichment, and overrepresented biological processes within dominant modules. The blue module was positively
associated with NK VAT, the brown was positively associated with NK SAT, the green was positively associated with SCK VAT, and the turquoise was
positively associated with SCK SAT. Top significant overrepresented Biological Processes (BP) in the (A) blue, (B) brown, (C) green, and (D) turquoise
modules and their corresponding fold enrichment. (E) Mean expression profiles of significant modules considering genes with the highest
intramodular connectivity (hub genes, R2 > 0.90) of each module. There was an increased mean expression of the homeostatic/pro-resolving
blue and brown modules in NK samples (A, B), while the pro-inflammatory green and turquoise modules were positively associated with SCK
samples (C, D). The complete list of significant BPs and their respective gene list are presented in Supplementary Table 4.
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TABLE 3 Top five most activated and inactivated pathways (Z-score >
2.0 or <−2.0) identified by IPA from DEGs in the studied contrasts.

Ingenuity canonical pathways Z-score
−Log
(p-value)

SCK SAT vs. NK SAT

Activated

SPINK1 Pancreatic Cancer Pathway 2.887 1.97

Semaphorin Neuronal Repulsive
Signaling Pathway

2.449 2.98

p53 Signaling 2.333 1.61

LXR/RXR Activation 2.309 0.53

SNARE Signaling Pathway 2.132 1.97

Inactivated

Pathogen-Induced Cytokine Storm
Signaling Pathway

−3.709 2.61

Dendritic Cell Maturation −3.402 0.00

GP6 Signaling Pathway −3.272 4.63

Role of Osteoclasts in Rheumatoid Arthritis
Signaling Pathway

−3.130 4.07

TREM1 Signaling −3.051 1.50

SCK VAT vs. NK VAT

Activated

Regulation of Actin-based Motility by Rho 3.536 5.13

Cyclins and Cell Cycle Regulation 3.528 5.59

Pathogen-Induced Cytokine Storm
Signaling Pathway

3.145 0.83

Actin Nucleation by ARP-WASP Complex 3.138 6.80

Epithelial Adherens Junction Signaling 2.940 4.78

Inactivated

Tryptophan Degradation III (Eukaryotic) −3.464 3.62

Valine Degradation I −3.207 7.00

Glutaryl-CoA Degradation −3.000 3.31

Xenobiotic Metabolism AHR Signaling Pathway −2.985 0.70

Coronavirus Pathogenesis Pathway −2.967 5.75

SCK VAT vs. SCK SAT

Activated

Oxidative Phosphorylation 4.990 6.20

Superpathway of Cholesterol Biosynthesis 3.771 3.34

EIF2 Signaling 3.732 9.32

Immunogenic Cell Death Signaling Pathway 3.528 0.39

Th1 Pathway 3.202 2.48

(Continued)
F
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TABLE 3 Continued

Ingenuity canonical pathways Z-score
−Log
(p-value)

Inactivated

Senescence Pathway −2.928 9.23

TNFR2 Signaling −2.840 1.41

Protein Kinase A Signaling −2.811 11.20

CD27 Signaling in Lymphocytes −2.600 2.96

Calcium Signaling −2.517 4.12

NK VAT vs. NK SAT

Activated

Superpathway of Cholesterol Biosynthesis 4.025 4.73

Valine Degradation I 3.873 5.97

TCA Cycle II (Eukaryotic) 3.873 2.77

Isoleucine Degradation I 3.464 5.79

Fatty Acid b-oxidation I 3.441 4.06

Inactivated

Pathogen-Induced Cytokine Storm
Signaling Pathway

−3.846 0.42

Signaling by Rho Family GTPases −3.702 120

IL-15 Production −3.500 5.23

Dendritic Cell Maturation −3.204 0.00

Role of PKR in Interferon Induction and
Antiviral Response

−3.151 3.80

VAT vs. SAT

Activated

Superpathway of Cholesterol Biosynthesis 3.638 7.39

Fatty Acid b-oxidation I 3.207 3.69

Isoleucine Degradation I 3.162 5.57

Superpathway of Geranylgeranyldiphosphate
Biosynthesis I (via Mevalonate)

3.000 3.76

Valine Degradation I 3.000 3.06

Inactivated

Synaptic Long-Term Depression −2.967 1.58

TNFR1 Signaling −2.530 0.49

NER (Nucleotide Excision Repair,
Enhanced Pathway)

−2.500 0.00

Semaphorin Neuronal Repulsive
Signaling Pathway

−2.469 5.72

TNFR2 Signaling −2.449 0.36
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FIGURE 5

Effect of subclinical ketosis on the expression patterns of genes involved in different signaling pathways. Colors represent the fold change (GeTMM
Log2FC) of gene expression in subclinical (SCK) compared to non-ketotic (NK) samples in subcutaneous (SAT, left column) and visceral (VAT, right
column) AT. Red shows gene upregulation in SCK, while blue shows downregulation in SCK when in contrast with NK. SPINK1 pancreatic cancer (A),
semaphorin neuronal repulsive (B), and p53 signaling (C) are the most activated pathways in SAT when comparing SCK to NK. Regulation of actin-
based motility by rho (D), cyclins and cell cycle regulation (E), and pathogen-induced cytokine storm signaling pathway (F) are the most activated
pathways in VAT when comparing SCK to NK. The full list of activated and inactivated pathways is available in Supplementary Table 5.
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(Supplementary Table 5). The top identified pathways included the

SPINK1 Pancreatic Cancer Pathway (Figure 5A), Semaphorin

Neuronal Repulsive Signaling Pathway (Figure 5B), p53 Signaling

(Figure 5C), and LXR/RXR activation. Collective assessment of the

gene profiles identified in the referred pathways reflects the

breakdown of AT and lipid metabolism. Interestingly, SCK vs.

NK comparison in SAT samples reveals that during ketosis, most

of the genes within the SPINK1 Pancreatic Cancer Pathway relate to

AT breakdown and are comparatively upregulated in VAT and

downregulated in SAT (Figure 5A), emphasizing depot-specific

events of lipid mobilization during SCK. Accordingly, the gene

pattern of the Semaphorin Neuronal Repulsive Signaling Pathway

activated in SCK SAT (Figure 5B) suggests increased cell–cell and

cell–matrix interactions (ARHGF12, DPYSL4 VCAN, and several

integrins) (42) with increased infiltration of pro-resolving

macrophages, as evidenced by markers of immune cell

transmigration (GUCY1b1 and MYL3), anti-inflammatory

cytokine production (PRKARA2 and genes depicted in the LXR/

RXR pathway), and ECM remodeling (MYL3 and MYLPF). The

activation profile of genes within the p53 Signaling Pathway

(Figure 5C) in SCK SAT reflects a halt in the cell cycle with

suppressive effects on apoptosis (BIRC5 and COQ8A), cell

proliferation (CCND1, CCNK, and SFN), and AT inflammation

(PIK3CG and PIK3R2), which might be associated with a response

to the increased lipid metabolization in VAT (Supplementary

Table 5, Table 3) (43, 44).

In VAT (Supplementary Table 5, Table 3), Regulation of Actin-

based Motility by Rho was the most activated pathway in SCK

(Figure 5D), followed by the Cyclins and Cell Cycle Regulation

Pathway (Figure 5E) and the Pathogen Induced Cytokine Storm

Signaling Pathway (Figure 5F). The gene patterns of the Regulation

of Actin-based Motility by Rho Pathway revealed a marked

upregulation of actin and actin-related proteins, myosin, and

integrin genes, crucial for the effectiveness of immune cellular

processes, such as cell motility, endocytosis, and chemotaxis (45,

46). The activation of the Cyclins and Cell Cycle Regulation Pathway

highlights a potential stimulatory effect of ketosis on VAT cell

proliferation, likely immune cells driving inflammatory responses,

as implied by the combined upregulation of TGFB1 (Figure 5E) and

the Pathogen-Induced Cytokine Storm Signaling Pathway

(Figure 5F). For the latter, the gene profile revealed a marked

upregulation on the expression of chemokines (e.g., CCL21, CLL22,

CCL26, and CXCL5), immune cell markers, including monocytes,

macrophages, lymphocytes, dendritic cells (e.g., CD163, IL10,

TGFB1, IL12A, and IRF3), and pro-inflammatory markers, such

as toll-like receptors, tumor necrosis factor receptors, and

inflammasome markers (NLR gene family) in VAT. These

findings indicate a ketosis-driven inflammatory response in VAT

of postpartum dairy cows, which is further supported by the

activation of additional inflammatory pathways, such as IL-8

signaling, phagosome formation, and dendritic cell maturation

(Supplementary Table 5). Of note, while Regulation of Actin-

based Motility by Rho was the most activated pathway in SCK

VAT and the Pathogen-Induced Cytokine Storm Signaling Pathway

was the most inactivated pathway in SCK SAT (Supplementary
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Table 5), genes involved in each of these pathways were more highly

expressed in VAT, once again underscoring the depot-specific effect

of ketosis in AT, with special inflammatory responsiveness to VAT.

We also evaluated the ketosis-dependent (SCK VAT vs. SCK

SAT and NK VAT vs. NK SAT) and ketosis-independent depot

effects (VAT vs. SAT) (Table 3, Supplementary Table 5). In all

comparisons, Superpathway of Cholesterol Biosynthesis was among

the top two most activated pathways in VAT compared to SAT.

Additionally, the top 10 most activated pathways in VAT included

other energy/fatty acid-related oxidation and biosynthesis

pathways. Of note, different from NK VAT vs. NK SAT and VAT

vs. SAT comparisons, in ketotic conditions (SCK VAT vs. SCK

SAT), the activation of inflammatory and immune response-related

pathways among the top 10 pathways was evident in VAT, but not

in SAT, and included the Immunogenic Cell Death Signaling

Pathway, Th1 Pathway, and Inflammasome Pathway. These

results confirm that ketosis triggers more pronounced immune

and inflammatory responses in VAT than SAT.

Analysis of the potential upstream regulators of genes differentially

expressed between SCK and NK within depots, and between VAT and

SAT in NK or SCK is shown in Figure 6. We identified only two

inhibited (p-value <0.05 and a Z-score ≤−2) and zero activated (p-value

<0.05 and a Z-score ≥2) upstream regulators in SCK SAT vs. NK SAT

(Figure 6A). In SCK VAT vs.NK VAT, we revealed 7 inhibited and 13

activated upstream regulators (Supplementary Table 6, Figure 6B).

Genes of the green module, including SPP1, XBP1, CKAP2L,

BHLHE40, and HNRNPAB, were the most overrepresented (42%)

among the activated upstream regulators in VAT of SCK vs. NK cows.

Genes of the turquoise (BTK, BRD4, and CCR2) and yellow (TGFB1,

HSP90B1, and EIF4E) modules followed with 25% each and finally that

from the blue module (8%, NFATC1). In agreement with the IPA,

activated upstream regulators in SCK VAT underpin the activation

pro-inflammatory responses (CCR2, SPP1, and TGFB1). Taken

together with the analysis of interaction networks activated in SCK

VAT vs. NK VAT (Figure 7A), it further implies that NFATC1, the

nuclear factor of activated T cells 1, is a key player in regulating VAT

immune responses triggered by ketosis, which involves the regulation

of B-cell development and maturation (BTK), cytokine activity by

lymphoid and myeloid cells (SPP1 and TGFB1), and protein folding

and synthesis associated with inflammation and cellular stress

(HSP90B1 and downstream regulators). Among the inhibited

upstream regulators in VAT of SCK vs. NK cows, blue (29%,

PPARG and GPAT3), yellow (29%, FASN and PNPLA2), and black

modules (29%, DAG1 and DGAT1) were equally represented, followed

by brown (14%, LIPE) (Figure 6B). Overall, the identification of these

upstream regulators and their network interactions highlighted the

inhibition of regulators of adipogenesis (PPARG), lipogenesis (FASN,

DGAT1, and GPAT3), and lipolysis (LIPE and PNPLA2; Figure 6B), all

interacting among each other without a central regulator (Figure 7B).

Altogether, these findings imply that homeostatic mechanisms in

response to ketosis may favor immune cell-mediated lipolysis in

VAT while limiting AT expansion in both SAT and VAT.

While no upstream regulators were observed in the overall SCK vs.

NK comparison, there was an increased number of upstream regulators

comparing VAT vs. SAT in either ketotic or non-ketotic conditions
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(Figures 6C, D). In SCK cows, VAT vs. SAT comparison revealed 53

activated and 34 inhibited upstream regulators (Figure 6C), while in

NK cows, the same comparison yielded 44 activated and almost 100

inhibited upstream regulators (Supplementary Table 6, Figure 6D).

In SCK VAT vs. SCK SAT, interaction networks revealed that

among activated upstream regulators, genes of the blue module were

the most overrepresented (31%, e.g., mTOR, SREBF1, and CD3E),

followed by those of the yellow module (24%, e.g., IL10, CEBPB, and

SREBF2) (Figure 6C). Accordingly, interaction network analysis of

activated upstream regulators revealed predominant connections

between genes from the blue and the yellow modules in SCK VAT

vs. SCK SAT (Figure 7C). In contrast, among the inhibited upstream
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regulators, the turquoise module (26%, e.g., APOE and ERG) was the

most overrepresented, followed by the blue module (24%, e.g., TP53

and IFRD1) (Figure 6C). NK and SCK cows shared 18 upstream

regulators in VAT vs. SAT, including the activation of SREBF2, a

regulator of cholesterol biosynthesis and homeostasis, and XBP1, a

modulator of cellular responses during endoplasmic reticulum stress

(47) and B-cell differentiation (48), in addition to the inhibition of

TP53, involved in suppressing cell division and inducing apoptosis

(Figures 6C, D). Remarkably, interaction network analysis by STRING

revealedTP53 as a central upstream regulator inhibited in VAT vs. SAT

of ketotic cows, in agreement with other IPA findings in VAT

(Figure 7D). TP53 was predicted to interact with most of the
FIGURE 6

Potential upstream regulators of genes differentially expressed in (A) SCK SAT vs. NK SAT, (B) SCK VAT vs. NK VAT, (C) SCK VAT vs. SCK SAT, and (D)
NK VAT vs. NK SAT. Upstream regulators were identified by analysis of the DEGs using Ingenuity Pathway Analysis (IPA). Colored circles are upstream
regulators identified for each comparison with an activation or inhibition Z-score (>2.0 or <−2.0), respectively (Supplementary Table 6). The colors of
the circles correspond to the colors of the module eigengene from WGCNA to which that specific gene is associated. Upstream regulators were
grouped into five categories: transcription regulator, membrane receptor, cytokine/growth factor (GF), enzyme/kinase, and other.
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identified upstream regulators affecting cell differentiation, proliferation

and apoptosis (e.g., PROM1), inflammatory response in macrophages,

inhibition of NF-kappa-B signaling (e.g., SIRT6 and NR4A1), and

mTOR regulation (e.g., RICTOR and FLCN) (Figure 6C).

Finally, in NK VAT vs. NK SAT, among the activated upstream

regulators, blue module was the most overrepresented, with more
Frontiers in Immunology 14
than 50% of genes (e.g., PPARG, PPARA, and SOD1), while among

the inhibited upstream regulators, the turquoise module was the most

overrepresented (32%, e.g.,CD28 and FOS) (Figure 6D). Interestingly,

CD28, CKAP2L, FN1, and FOXM1 were activated in VAT vs. SAT of

ketotic animals but inactivated in non-ketotic conditions (Figures 6C,

D). These genes are particularly important for T-cell activation and
FIGURE 7

Interaction network among activated (left) and inhibited (right) upstream regulators based on the effects of ketosis within VAT (A, B) and ketosis-
dependent (C, D) and -independent (E, F) effects on depot. Color coding of nodes relate to the corresponding module eigengene from WGCNA.
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cellular processes underlying cell division, migration, and tissue

repair involving ECM remodeling, and suggest potential VAT

homeostatic mechanisms in response to ketosis. Furthermore,

Figure 7E highlights PPARG and PPARGC1A as central activated

upstream regulators in VAT vs. SAT of non-ketotic cows, interacting

with lipid metabolism regulators (PNPLA2, DGAT1, and SREBF2)

and mediators of insulin signaling (INSR and PIK3R1). Notably, there

is an inhibition of key upstream regulators mediating pro-

inflammatory responses, including TNF, IL1B, RELA, and TGFB1

(Figure 7F). These results suggest key target genes and mechanisms

underlying AT homeorhetic responses to postpartum NEB in the

absence of ketosis in VAT vs. SAT. Overall, these results show

disease- and depot-specific effects on tissue transcriptome that

highlight the pro-immunogenic potential of VAT compared to

SAT, especially in ketotic conditions.
Adipose tissue expression of markers
related to immune cell activation and
infiltration

Target antibodies for the immunohistochemistry analyses were

selected based on the identification of key genes in activated and

inactivated canonical pathways, upstream regulators between SCK

and NK within VAT and SAT samples, and markers of immune cell

activation and infiltration in the AT. Patterns of expression for

SPP1, IBA1, CD20, and CD3 and representative IHC images are

presented in Figure 8. Antibodies used for FN1, CD44, TGFB1, and

BAFF-TNFSF13B were not suitable for IHC under the tested

conditions and did not yield any results. Osteopontin (SPP1) is a

marker of activated macrophages, dendritic cells, and lymphocytes

(49) and was identified as an activated upstream regulator in VAT

of SCK vs. NK (Figure 6B). The abundance of SPP1-positive cells

was increased on SAT vs. VAT, in SAT of SCK vs. NK, and in SCK

SAT vs. SCK VAT (Figures 8A, E). The contrasting data between

gene and protein expression suggest that SPP1 expression is

regulated at distinct levels in SAT vs. VAT in postpartum cows.

The ionized calcium binding adaptor molecule 1 (IBA1) is a protein

found in macrophages and microglia that helps with membrane

ruffling and phagocytosis, and its expression increases when these

cells are activated (50). We observed an increase in the number of

IBA1+ cells in SCK SAT compared to NK SAT, suggesting a higher

number of activated macrophages on SAT of cows with SCK

(Figures 8B, E). We also observed a direct effect of SCK on the

number of CD20-expressing cells, a marker for B cells, in both SAT

and VAT (Figures 8C, E), but no effects were observed on the

abundance of CD3-positive cells, used as a marker of T cells

(Figures 8D, E). Interestingly, there was a tendency of

CD3-positive cells to be more abundant on SAT vs. VAT.
Discussion

In our study, we defined the transcriptional profile and the

expression of immune cell markers of VAT and SAT of postpartum
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dairy cows with SCK, one of the most prevalent and costly

metabolic disorders in early lactation (17, 51). Our findings

highlight a clear depot-specific effect of ketosis, which was nearly

absent when depot was not considered. Our results illustrate that

major changes resulting from SCK are particularly identified in

VAT. The innate pro-inflammatory potential of VAT (22) in

postpartum dairy cows in NEB is intensified by ketosis, while

SAT demonstrated more homeostatic events in SCK. Changes in

AT immune responses in ketotic conditions were accompanied by

marked lipid catabolism in VAT and ECM remodeling, mostly

observed in SAT. These key findings highlight differential

homeostatic mechanisms in response to ketosis dependent on the

anatomical location of AT and confirm findings from earlier

research (21, 52, 53) and recent literature reviews (54, 55) that

SAT is metabolically less responsive and more stable during the

transition period, while VAT is more dynamic and may contribute

more significantly to metabolic and inflammatory disturbances.

We observed serum NEFA concentrations greater than 0.9

mEq/dL in both SCK and NK cows, which are above critical

cutoff points associated with increased risk for metabolic and

inflammatory diseases (12). Although these results indicate that

both groups had increased lipid mobilization, as expected in early

lactation, BHB concentrations of NK cows were lower than the

thresholds defined for SCK and indicate that not all postpartum

animals with increased lipid mobilization will develop ketosis as it

will depend on their ability to adapt to the NEB. The DEGs and the

analysis of upstream regulators comparing VAT and SAT in the

absence of ketosis suggest that VAT has a greater pro-adipogenic

transcriptional potential compared to SAT as denoted by the

expression of adipogenesis markers, such as Pref-1, and the

activation of master regulators of adipogenesis and insulin

signaling. Notably, ketosis shifts this profile by markedly

inhibiting upstream regulators of adipogenesis and lipogenesis in

VAT (e.g., PPARG and FASN) and by simultaneously activating

markers of pro-inflammatory response (e.g., CSF1 and IL33) and its

resolution (e.g. , IL10 and ANGPT2) . As serum NEFA

concentrations and other markers of systemic metabolism did not

vary between NK and SCK cows, it suggests that the effects observed

in AT are associated with hyperketonemia.

In our study, we used functional genomics (WGCNA combined

with DAVID and IPA) to identify BPs and activated/inhibited

signaling pathways and upstream regulators associated with

ketosis and learned that it should be studied in a depot-specific

manner. The depot-independent analysis of SCK vs. NK cows

yielded a short list of DEGs, and no potential upstream regulators

or activated and inactivated pathways were identified by IPA. This

contrasted with SCK vs. NK analysis in a depot-dependent manner,

which revealed a significantly higher number of DEGs and

pathways. These results corroborate with the distinct cellular

profile, and immunological and metabolic characteristics of SAT

and VAT (22, 56), and show depot-specific responses to metabolic

disorders, such as ketosis.

Using WGCNA and comparative transcriptome analyses, we

identified a positive association between SCK VAT and the green

module, in which SPP1 was one of the genes with the highest
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intramodular connectivity (hub gene, R² > 0.90). SPP1, also known

as osteopontin, is a multifunctional protein expressed in, e.g.,

activated immune cells (macrophages and T cells), osteoclasts,

and endothelial cells, and its main function is to promote cell

adhesion and to facilitate cell migration or survival (57). In tailhead

SAT of dairy cows, SPP1 increased approximately 10 days
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postpartum compared to prepartum (11) and was positively

associated with AT macrophage infiltration, evidencing its

chemotactic role (10). Notably, at the protein level, our IHC

results demonstrate increased abundance of SPP1-positive cells in

SAT of SCK vs. NK cows, but not in VAT, suggesting that increased

expression may be an adaptive response to ketosis in SAT. In VAT,
FIGURE 8

Immunohistochemistry of subcutaneous AT (SAT) and visceral AT (VAT) of postpartum dairy cows with subclinical ketosis (SCK) and non-ketotic (NK)
animal. Scatterplots for SPP1 (A), IBA1 (B), CD20 (C), CD3 (D). Data are presented as number of positive cells normalized to tissue area (mean ±
SEM). Each dot in the scatterplot represents the results for each individual dairy cow. (E) Representative sections of SAT and VAT of NK and SCK
dairy cows for each marker analyzed. Positive and negative controls are shown in Supplementary Figure 1.
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the identification of SPP1 as an activated upstream gene regulator in

SCK linked to TGFB1 and NFATC1 expression suggests significant

AT remodeling and immune modulation in VAT, particularly in

the context of macrophage, T-cell, and adipocyte interactions (10,

58). Accordingly, the green module also revealed an

overrepresentation of the negative regulation of epithelial cell

proliferation involving high SERPINF1 expression (encoding the

pigment epithelium-derived factor protein), which promotes

lipolysis and has been linked to insulin resistance in human

adipocytes (59, 60). Interestingly, other overrepresented BPs in

the green module associated with SCK VAT also implied a

potential detrimental effect on insulin signaling mediated by

enriched genes, such as APP (amyloid-beta precursor protein)

and EGFR (epidermal growth factor receptor). While APP

mediates adipocyte mitochondrial dysfunction that leads to

adipocyte hypertrophy and insulin resistance (61), EGFR has been

linked to adipose insulin resistance led by the activation of AT

macrophages in mice (62), thus highlighting the potential link

between adipocyte dysfunction and immune cell activation in

SCK cows, particularly in VAT.

The association of SCK SAT with the turquoise module

highlights a link between ketosis and inflammatory response,

adaptive immunity, and changes in vascular cells, but also with

BPs that included the expression of many toll-like receptor genes

(TLR10, TLR7, TLR5, TLR3, and TLR2), members of the tumor

necrosis factor receptor superfamily (TNFRSF4 and TNFRSF1A),

and genes involved in immune cell chemotaxis (CCL5), adhesion,

and migration (CD44). Moreover, cell migration was also

overrepresented in the turquoise module and included the

expression of different integrins (ITGB5, ITGB4, ITGB3, ITGB2,

and ITGB7) and other molecules involved in cell adhesion (e.g.,

CD151 and CD24). In fact, in early postpartum dairy cows, CD44,

together with SPP1, was found to be positively associated with AT

macrophage infiltration on SAT (10). We also quantified the

expression of IBA1, or allograft inflammatory factor 1, a marker

of macrophages, which was also increased in SCK SAT compared to

NK SAT. In dairy cows, the number of IBA1-positive macrophages

within SAT increased by 93% 3 weeks postpartum compared with

10 days prepartum and was associated with increased body

condition score loss (50). While we were not able to assess CD44

protein expression in our IHC analysis, these results are in

agreement with SPP1 and IBA1 changes in our study and with

the concept that ketosis enhanced AT inflammatory responses and

macrophage infiltration (13).

Although little is known regarding the trafficking dynamics of

immune cells other than macrophages in the AT during the

transition period in dairy cows (63), through IHC, we observed

an increased expression of CD20, a common B-cell marker, in SCK

when compared to NK. This finding might indicate increased B-cell

trafficking to both VAT and SAT of SCK cows in the early

postpartum period. Interestingly, the turquoise module, associated

with SCK SAT, was overrepresented by the negative regulation of B-

cell receptors (e.g., PLCL2 and CD22) and the negative regulation of

interleukin-2 production signaling pathways. B-cell receptor

signaling is a tightly regulated process, important to reduce
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impaired lymphocyte development and excessive lymphocyte

activation (64). The negative regulation of interleukin-2

production signaling pathways might be an additional indication

of B-cell activity regulation, since IL-2 promotes the proliferation of

activated B cells and induces their differentiation into plasma cells

(65, 66). Together, these findings suggest that although we observe

greater trafficking of B cells to SAT of SCK cows, BPs associated

with B-cell regulation are activated as well.

Analyzing the BPs associated with the green and turquoise

modules, aligned with results for IHC, we observed evidence that

the AT of SCK cows presents a pro-inflammatory profile, which

might be associated with a dysregulation of lipid homeostasis and

adipocyte sensitivity to insulin. Nevertheless, it is important to note

crucial differences in the response to SCK between SAT and VAT

when observing the activated and inactivated pathways evaluated by

IPA. For example, on SAT, LXR/RXR was activated in SCK, while

on VAT, this pathway was inactivated in SCK cows when compared

to NK VAT. LXR/RXR are nuclear receptors involved in the

regulation of lipid metabolism, immune system, and cholesterol

catabolism. In terms of immune response, LXR/RXR activation

results in anti-inflammatory activity, modulation of TLR signaling,

and pro-resolving macrophage differentiation, among others (67).

Furthermore, we observed that, while in VAT, SCK activated many

pathways related to immune function and inflammation (e.g.,

pathogen-induced cytokine storm signaling, dendritic cell

maturation, IL-8 signaling, and TREM1 signaling), these

pathways were inactivated in SAT of SCK when compared to NK

SAT. In a recent publication analyzing the oxylipin profile of the

same AT samples utilized in the present study, we observed similar

tendencies of SCK on dampening or shifting oxylipin metabolism as

a way to regulate inflammation or preserve tissue homeostasis (68);

while SAT demonstrated a more protective, anti-inflammatory or

pro-resolving oxylipin profile, VAT was more metabolically active

and sensitive to systemic perturbations associated with SCK.

Overall, these results highlight the complexity of the AT response

to SCK, and how different functional genomics approaches are

essential to better comprehend these effects, especially considering

the depot-specific responses.

In NK cows, the blue module was positively associated with NK

VAT and pointed to many overrepresented BPs, indicating a

successful adaptation to the postpartum NEB. For example, the

fatty acid beta-oxidation BP, which included numerous genes

regulating mitochondrial activity, such as ACAA2, ACAT1, and

CPT1C, is a major metabolic pathway for lipid catabolism and

energy synthesis essential during periods of increased lipid

mobilization and high circulating NEFA (69, 70), such as the

postpartum period in dairy cows. We also observed the

overrepresentation of the response to oxidative stress BP,

containing MSRB2, NEIL1, and GCLM genes. The production of

reactive oxygen species (ROS) through increased mitochondrial

respiration by non-phagocytic cells (e.g., fibroblast and endothelial

cells) (71) is a response to intense lipolysis and macrophage

infiltration during NEB (72). This, in turn, induces the activation

of an antioxidant transcriptional network to reduce lipolysis-

mediated oxidative stress in postpartum high-producing dairy
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cows (72). Another important BP overrepresented in NK VAT (blue

module) was the fatty acid metabolic process, enriched for GPAT4,

PPARG, and PPARA gene expression. The PPARs, a group of

nuclear receptor proteins, are key regulators of energy

production, lipid metabolism, and inflammation (73). PPARG is a

master regulator of lipid biosynthesis, adipocyte differentiation, and

insulin sensitivity (74), while PPARA promotes beta-oxidation

during fasting states (75). In addition, PPARG regulates

macrophage activity and inhibits the production of pro-

inflammatory cytokines, while PPARA inhibits canonical NF-kB
signaling (73, 76). Notably, PPARG and PPARGC1A were central

activated upstream regulators in VAT vs. SAT of NK cows, thus

implying that, like in humans (77), PPARG agonism might be a

potential therapeutic target for metabolic disorders in dairy cows. A

previous study utilizing non-pregnant, non-lactating dairy cows

treated with intravenous 2,4-thiazolidinedione (TZD) injections for

2 weeks reported an upregulation of PPARG in SAT and increased

blood concentrations of glucose, insulin, and BHB, while the

concentration of NEFA and adiponectin remained unchanged

(78). While the authors suggested the use of TZD during the

transition period to improve insulin homeostasis and to prevent

excessive body condition score losses, their effect on VAT,

inflammatory status, and metabolic disease prevention was not

addressed by the study, thus requiring further elucidation.

Altogether, we observed a relation between NK VAT and an

increase in mitochondrial activity, oxidative stress, and

antioxidant response, as well as the enhancement of PPAR-

mediated lipid and inflammatory homeostatic responses. These

results might suggest mechanisms of metabolic adaptation

necessary to successfully cope with NEB during postpartum and

early lactation.

Lastly, the association of the brown module with NK SAT

highlighted the histone H3-K36 demethylation as the most

overrepresented BP and included the enrichment of KDM4B. The

expression of KDM4B in AT is critical for the regulation of systemic

metabolism via enhancing energy expenditure in adipocytes (79), as

evidenced by its protective effect against obesity and metabolic

dysfunction (80). Like the blue module (NK VAT), the fatty acid

metabolic process was also overrepresented in the brown module,

and included the expression of genes such as CPT1B, which

regulates mitochondrial beta-oxidation, and PPARD, which

induces fatty acid oxidation and energy dissipation, improving

lipid profile and reducing adiposity in mice (81). Interestingly,

corroborating with greater fatty acid beta-oxidation in NK VAT,

the brown module was overrepresented by the mitochondrial

respiratory chain complex I assembly BP, enriched for

mitochondrial genes. Thus, in agreement with the observed

findings in NK VAT, results for NK SAT suggest that

independent of AT depot, the physiological adaptations to NEB

during postpartum involve increased oxidation and mitochondrial

activity in the AT. In summary, the BPs in the blue and brown

modules, signatures from NK, reflect adjusted mitochondrial

metabolism for the oxidization of lipids as a source of energy and

set the stage for inflammation resolution and recovery of lipid

metabolism homeostasis during NEB.
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Conclusions

Our results evidence depot-specific effects of SCK on the

transcriptome and immunohistochemical profiles of flank SAT

and omental VAT in postpartum dairy cows. Our findings

demonstrate depot-specific mechanisms that may be involved in

the pathogenesis of ketosis and in the successful transition to

lactation, despite the NEB and increased lipid mobilization. Our

findings suggest a more homeostatic role for SAT in cows with SCK,

while VAT presents a pro-inflammatory profile, which might be

related to dysregulation of lipid homeostasis and insulin sensitivity,

likely contributing, to a higher extent, to the pathogenesis of

metabolic disorders. Our analyses indicate the need to evaluate

AT-related disorders in a depot-specific manner. Further studies are

warranted for the development of targeted preventive and

therapeutic strategies for SCK of high-producing dairy cows.
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